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DISSERTATION COMMITTEE
ABSTRACT
N u c l e a t e  b o i l i n g  h e a t  t r a n s f e r ,  f i l m  b o i l i n g  h e a t  
t r a n s f e r ,  an d  c o n v e c t i v e  h e a t  t r a n s f e r  ( a t  p r e s s u r e s  g r e a t e r  
t h a n  t h e  c r i t i c a l  p r e s s u r e )  s t u d i e s  w ere  c o n d u c te d  on  a  g o ld  
s u r f a c e  f o r  m ethane  a n d  n i t r o g e n .
The d a t a  o b t a i n e d  w ere  com pared  w i t h  e q u a t i o n s  w h ic h  
a r e  commonly u s e d  t o  p r e d i c t  b o i l i n g  h e a t  t r a n s f e r  b e h a v i o r  
f o r  c r y o g e n i c  f l u i d s .  The c o n c l u s i o n  was d raw n  t h a t  t h e  
e q u a t i o n s  w h ic h  w ere  com pared  t o  t h e  d a t a  i n  b o t h  t h e  f i l m  
an d  n u c l e a t e  b o i l i n g  r e g i o n s  a r e  o f  l i t t l e  v a lu e  e x c e p t  a s  
r o u g h  a p p r o x i m a t i o n s .
The f i l m  b o i l i n g  h e a t  f l u x  f o r  a  s p e c i f i c  t e m p e r a t u r e  
d i f f e r e n c e  was fo u n d  t o  d e c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  
p r e s s u r e  a t  r e d u c e d  p r e s s u r e s  g r e a t e r  t h a n  0 . 9 .  B elow  a  r e ­
d u c e d  p r e s s u r e  o f  0 . 8  t h e  e f f e c t  o f  p r e s s u r e  on  t h e  f i l m  
b o i l i n g  h e a t  f l u x  was fo u n d  t o  d e p e n d  on  t h e  m a g n i tu d e  o f  t h e  
t e m p e r a t u r e  d i f f e r e n c e .  F o r  low t e m p e r a t u r e  d i f f e r e n c e s  t h e  
f l u x  a t  a  g i v e n  t e m p e r a t u r e  d i f f e r e n c e  d e c r e a s e s  w i t h  i n c r e a s ­
i n g  p r e s s u r e .  A t h i g h  t e m p e r a t u r e  d i f f e r e n c e s  t h e  f l u x  a t  a  
s p e c i f i c  t e m p e r a t u r e  d i f f e r e n c e  was fo u n d  t o  i n c r e a s e  w i t h  
i n c r e a s i n g  p r e s s u r e .
The c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  e x c e e d s  t h e  
c o e f f i c i e n t  fo u n d  i n  t h e  f i l m  b o i l i n g  r e g i o n  o v e r  t h e  l i m i t e d
111
p r e s s u r e  r a n g e  c o v e r e d .
A t h e o r e t i c a l  e q u a t i o n  w h ic h  c o r r e l a t e s  t h e  a v a i l a b l e  
d a t a  on c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e s  f o r  l i q u i d s ,  w hich , 
f o l l o w  t h e  law  o f  c o r r e s p o n d i n g  s t a t e s ,  h a s  b e e n  d e r i v e d  an d  
d i s c u s s e d .
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NUCLEATE AND FILM BOILING HEAT TRANSFER TO METHANE 
AND NITROGEN FROM ATMOSPHERIC PRESSURE 
TO THE CRITICAL PRESSURE
• CHAPTER I
INTRODUCTION
Renewed i n t e r e s t  i n  t h e  f i e l d  o f  b o i l i n g  h e a t  t r a n s ­
f e r  h a s  o c c u r r e d  i n  t h e  l a s t  t e n  y e a r s  due  t o  r e c e n t  t e c h ­
n o l o g i c a l  d e v e lo p m e n ts  i n  n u c l e a r  r e a c t o r s ,  r o c k e t  e n g i n e s  
and  c r y o g e n i c  e q u ip m e n t .
The e n t i r e  b o i l i n g  c u rv e  a n d  t h e  d i f f e r e n t  b o i l i n g -  
r e g im e s  w ere  f i r s t  d i s c u s s e d  b y  Nukiyama (43 ) i n  1934 . I t  
was f o u n d  t h a t  b o i l i n g  h e a t  t r a n s f e r  c o u ld  be  d i v i d e d  i n t o  
t h e  f o u r  d i s t i n c t  r e g i o n s  shown i n  F i g u r e  1 .  The f o u r  t y p e s  
o f  b o i l i n g  h e a t  t r a n s f e r  c a n  b e s t  b e  u n d e r s t o o d  b y  c o n s i d e r ­
in g  a . h e a t  t r a n s f e r  s u r f a c e - i n  c o n t a c t  w i t h  a  s a t u r a t e d  l i q ­
u i d .  As t h e  s u r f a c e  t e m p e r a t u r e  i s  r a i s e d  s l i g h t l y  ab ove  t h e  
l i q u i d  s a t u r a t i o n  t e m p e r a t u r e ,  c o n v e c t i v e  c u r r e n t s  c i r c u l a t e  
t h e  l i q u i d  an d  e v a p o r a t i o n  o c c u r s  a t  t h e  f r e e  s u r f a c e  o f  t h e  
l i q u i d .  I f  t h e  s u r f a c e  t e m p e r a t u r e  i s  i n c r e a s e d  f u r t h e r ,  t h e  
n u c l e a t e  b o i l i n g  r e g i o n  i s  e n t e r e d .  B u b b le s  b e g i n  t o  fo rm  
a t  s p e c i f i c  p o i n t s  on  t h e  s u r f a c e  c a l l e d  n u c l e i .  W ith  i n ­
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3a c t i v e .  The n u c l e a t e  b o i l i n g  r e g i o n  i s  o f  s p e c i a l  i n t e r e s t  
b e c a u s e  o f  t h e  h i g h  h e a t  f l u x e s  w h ic h  a r e  o b t a i n e d  w i t h  r e l ­
a t i v e l y  s m a l l  d r i v i n g  f o r c e s .  As t h e  s u r f a c e  t e m p e r a t u r e  i s  
i n c r e a s e d  f u r t h e r ,  t h e  b u b b l e s  w h ic h  a r e  f o r m in g  s u d d e n ly  
com bine t o  fo rm  a  f i l m  o f  v a p o r  o v e r  t h e  h e a t  t r a n s f e r  s u r ­
f a c e .  T h i s  c o n d i t i o n  c o r r e s p o n d s  t o  p o i n t  A i n  F i g u r e  1 .  
P o i n t  A i s  known a s  t h e  c r i t i c a l  h e a t  f l u x  o r  b u r n o u t  p o i n t .  
Beyond p o i n t  A t h e  v a p o r  f i l m  fo rm s  a n d  c o l l a p s e s  r a p i d l y .
The a d d e d  r e s i s t a n c e  due  t o  t h e  f i l m  f o r m a t i o n  c a u s e s  t h e  
h e a t  t r a n s f e r  r a t e  t o  d r o p  q u i c k l y .  T h i s  u n s t a b l e  f i l m  r e ­
g i o n  c o n t i n u e s  u n t i l  p o i n t  B ( L i e d e n f r o s t  P o i n t )  i s  r e a c h e d .  
A t p o i n t  B t h e  f i l m  o f  v a p o r  becom es s t a b l e  i n  t h e  s e n s e  t h a t  
i t  d o e s  n o t  fo rm  a n d  c o l l a p s e  a s  i n  t h e  u n s t a b l e  f i l m  b o i l i n g  
r e g i o n .  H ow ever, t h e  f i l m  s u r f a c e  i s  s t i l l  i n  v i o l e n t  a g i t a ­
t i o n .  The f i l m  b o i l i n g  r e g i o n ,  o n ce  c o n s i d e r e d  t o  be  o n l y  
a n  a c a d e m ic  c u r i o s i t y ,  i s  r a p i d l y  b e co m in g  a n  i m p o r t a n t  f i e l d  
o f  h e a t  t r a n s f e r  b e c a u s e  o f  t h e  d a t a  n e e d e d  f o r  d e s i g n  o f  
c r y o g e n i c  e q u i p m e n t .
R e c e n t l y  t h e r e  h a v e  b e e n  s e v e r a l "  a r t i c l e s  p u b l i s h e d  
(5 , 1 0 , 1 9 , 2 0 , 3 6 ) w h ic h  s u g g e s t  t h a t  t h e  b e h a v i o r  a t  p o i n t  A o f  
s i m i l a r  s u b s t a n c e s  c a n  b e  c o r r e l a t e d  u s i n g  t h e  r e d u c e d  p r o p ­
e r t i e s  o f  t h e  l i q u i d s  ( i . e . ,  T /T ^  o r  P / P ^ ) .  To d a t e ,  e x p e r i ­
m e n ta l  v e r i f i c a t i o n  o f  t h i s  t h e o r y  h a s  b e e n  r e s t r i c t e d  t o  
c o r r e l a t i o n s  o f  b u r n o u t  p o i n t s  f o r  o r g a n i c  compounds a n d  
w a t e r .  S i n c e  w a t e r  a n d  o r g a n i c  com pounds h a v e  c o m p l i c a t e d  
m o le c u l e s  w h ic h  c a n n o t  b e  c o n s i d e r e d  s i m i l a r ,  v e r i f i c a t i o n  o f  
t h i s  t h e o r y  d e p e n d s  on  o b t a i n i n g  d a t a  on  s u b s t a n c e s  w h ic h  c an
4b e  c o n s i d e r e d  s i m i l a r .
D a ta  i n  t h e  f i l m  b o i l i n g  r e g i o n  o v e r  a  r a n g e  o f  p r e s ­
s u r e s  a p p e a r s  t o  b e  r e s t r i c t e d  t o  one s e t  o f  o x y g en  d a t a  ( l ) .  
More d a t a  a r e  n e e d e d  t o  c h e c k  t h e  t h e o r e t i c a l  e q u a t i o n s  w h ic h  
a r e  a v a i l a b l e  an d  t o  d e s c r i b e  f u l l y  t h e  e f f e c t  o f  p r e s s u r e  
on f i l m  b o i l i n g  h e a t  t r a n s f e r .
T h i s  s t u d y  was i n i t i a t e d  t o  p r o v i d e  d a t a  i n  t h e  a r e a s  
d e s c r i b e d  ab o v e  a n d  t o  p r o v i d e  d e s i g n  d a t a  f o r  m e th an e  an d  
n i t r o g e n  b o i l i n g  h e a t  t r a n s f e r .
CHAPTER I I  
PREVIOUS WORK
I n  r e c e n t  y e a r s  a  l a r g e  num ber o f  p u b l i c a t i o n s  h a v e  
b e e n  c o n c e rn e d  w i t h  i n v e s t i g a t i o n  o f  t h e  s i t e s  ( n u c l e i )  on  
w h ic h  b u b b l e s  fo rm  i n  t h e  n u c l e a t e  b o i l i n g  r e g i o n .  C o r ty  a n d  
F o u s t  (1 2 )  fo u n d  t h a t  t h e  p o s i t i o n  a n d  t h e  s l o p e  o f  t h e  b o i l ­
i n g  c u r v e  v a r y  w i t h  r o u g h n e s s .  I t  was n o t e d  t h a t  w h i l e  t h e  
t e m p e r a t u r e  d i f f e r e n c e  a t  a  g i v e n  h e a t  f l u x  d e c r e a s e s  w i t h  
r o u g h n e s s  t h e  maximum t e m p e r a t u r e  d i f f e r e n c e  w h ic h  can  b e  
r e a c h e d  b e f o r e  n u c l e a t e  b o i l i n g  i s  i n i t i a t e d  i n c r e a s e s  w i t h  
r o u g h n e s s .  P a s t  b o i l i n g  h i s t o r y  o f  t h e  s u r f a c e  was a l s o  
fo u n d  t o  p l a y  a n  i m p o r t a n t  p a r t  i n  t h e  i n i t i a t i o n  o f  n u c l e a t e  
b o i l i n g .  C o r ty  a n d  F o u s t  e x p l a i n e d  t h e  ab ove  phenom ena b y  a  
v a p o r  e n t r a p m e n t  m o d e l .  I t  was p o s t u l a t e d  t h a t  s u r f a c e  p i t s  
a n d  s c r a t c h e s  w h ic h  w ere  c a p a b l e  o f  e n t r a p p i n g  v a p o r  a s  t h e  
b u b b l e s  l e f t  t h e  s u r f a c e  w ere  a c t i v e  s i t e s .
C l a r k ,  S t r e n g e ,  a n d  W e s tw a te r  ( l l )  u s i n g  h i g h  s p e e d  
p h o to g r a p h y  c o n f i r m e d  t h a t  p i t s  and  s c r a t c h e s  w ere  i n  f a c t  
n u c l é a t i o n  s i t e s .  I t  was fo u n d  t h a t  p i t s  w i t h  d i a m e t e r s  
b e tw e e n  0 .0 0 0 3  i n c h e s  and  0 .0 0 3  i n c h e s  w ere  t h e  m ost a c t i v e  
s i t e s  a l t h o u g h  o t h e r  s u r f a c e  d e f e c t s  s u c h  a s  s c r a t c h e s ,  a n d  
i n  one  c a s e  f o r e i g n  m a t e r i a l ,  a l s o  a c t e d  a s  a c t i v e  n u c l é a t i o n -
5
6s i t e s .
K u r i h a r a  a n d  M yers (3#) c o n f i r m e d  C o r ty  a n d  F o u s t ' s  
w ork  a n d  fo u n d  t h a t  a g i n g  t h e  s u r f a c e  i n  t h e  l i q u i d  t o  b e  
b o i l e d  a l l o w e d  r e p r o d u c i b l e  r u n s  t o  b e  o b t a i n e d .  I t  was 
p o s t u l a t e d  t h a t  t h i s  a g i n g  a l l o w e d  a n y  e x c e s s  i n e r t  g a s  
e n t r a p p e d  on t h e  s u r f a c e  t o  d i f f u s e  i n t o  t h e  l i q u i d  l e a v i n g  
a  s u r f a c e  w h ic h  c o u ld  b e  r e p r o d u c e d .
B a n k o f f  ( 2 ,3 )  i n  r e c e n t  p a p e r s  d i s c u s s e s  t h e  e f f e c t  
o f  s u r f a c e  g e o m e tr y  a n d  l i q u i d - s o l i d  c o n t a c t  a n g l e  on  t h e  
a b i l i t y  o f  a  c a v i t y  t o  becom e a n  a c t i v e  s i t e .  He a l s o  p r e ­
s e n t e d  a n  a p p r o x im a te  t h e o r y  f o r  p r e d i c t i n g  t h e  s u p e r h e a t  
r e q u i r e d  t o  i n i t i a t e  b u b b le  f o r m a t i o n  f ro m  a n  a c t i v e  c a v i t y .
Denny (1 3 )  i n v e s t i g a t e d  n u c l e a t e  b o i l i n g  o f  c a r b o n  
t e t r a c h l o r i d e  f ro m  w e l l  d e f i n e d  a r t i f i c i a l  p i t s  o f  v a r y i n g  
g e o m e t r i e s  a n d  fo u n d  t h e  m ost a c t i v e  n u c l e i  w ere  s t e e p  w a l l e d  
c a v i t i e s  w i t h  a  d e p t h  t o  d i a m e t e r  r a t i o  g r e a t e r  t h a n  o n e .  
F o u l i n g  w h ic h  a f f e c t e d  t h e  i n t e r n a l  d im e n s io n s  o f  t h e  s i t e ,  
t h e  l o c a l  s u r f a c e  r o u g h n e s s  o f  t h e  s i t e ,  a n d  t h e  s u r f a c e  
c h e m i s t r y  o f  t h e  s i t e  w ere  a l s o  fo u n d  t o  be  i m p o r t a n t  v a r ­
i a b l e s  w h ic h  a f f e c t  s i t e  a c t i v i t y .
G r i f f i t h  a n d  W a l l i s  (24) d e t e r m i n e d  t h a t  t h e  c a v i t y  
g e o m e t r y  i s  i m p o r t a n t  i n  tw o w ays . The m outh  d i a m e t e r  d e t e r ­
m in e s  t h e  s u p e r h e a t  r e q u i r e d  t o  i n i t i a t e  b o i l i n g ;  t h e  c a v i t y  
sh a p e  d e t e r m i n e s  t h e  s t a b i l i t y  o f  t h e  s i t e  a f t e r  b o i l i n g  i s  
i n i t i a t e d .
Q a e r t n e r  a n d  W e s tw a te r  (2 2 )  f o u n d  t h a t  t h e  num ber o f  
a c t i v e  s i t e s  c a n  b e  a s  h i g h  a s  1130 s i t e s  p e r  s q u a r e  i n c h  a t
7h e a t  f l u x e s  w h ic h  w ere  b e lo w  t h e  c r i t i c a l  h e a t  f l u x ,  w h e re  
t h e  maximum s i t e  c o n c e n t r a t i o n  o c c u r s .  T h e i r  e x c e l l e n t  s t u d y  
a l s o  d i s p r o v e d  th e  t h e o r y  h e ld  b y  e a r l i e r  w o r k e r s  (28 , 4o) 
t h a t  t h e  s i t e  p o p u l a t i o n  i n c r e a s e s  l i n e a r l y  w i t h  i n c r e a s i n g  
h e a t  f l u x .
A t p r e s e n t  p i t s  a n d  s c r a t c h e s  w h ic h  a r e  c a p a b l e  o f  
t r a p p i n g  v a p o r  a r e  a c c e p t e d  a s  t h e  n u c l é a t i o n  s i t e s  a s  p o s t u ­
l a t e d  b y  t h e  w ork  r e v i e w e d  a b o v e .  H ow ever, t h e  m echan ism  
w h ic h  a c c o u n t s  f o r  t h e  h i g h  h e a t  t r a n s f e r  r a t e  fo u n d  i n  
n u c l e a t e  b o i l i n g  h a s  n o t  b e e n  d e f i n i t e l y  e s t a b l i s h e d .  S i n c e  
kn ow led g e  o f  t h e  m echan ism  o f  n u c l e a t e  b o i l i n g  h e a t  t r a n s f e r  
i s  a  p r e r e q u i s i t e  t o  f o r m u l a t i o n  o f  a  g e n e r a l i z e d  c o r r e l a t i o n ,  
some o f  t h e  commonly p r o p o s e d  m echan ism s w i l l  b e  b r i e f l y  
d i s c u s s e d .
M echanism  1 ; M i c r o c o n v e c t io n  i n  t h e  S u b l a y e r  
T h i s  m echan ism  was t h e  m o s t  w i d e ly  a c c e p t e d  m echan ism  
b y  e a r l y  w o r k e r s  ( 2 8 , 4 0 ) .  The h i g h  h e a t  t r a n s f e r  r a t e s  a r e  
p o s t u l a t e d  t o  b e  du e  t o  l a r g e  c o n v e c t i v e  v e l o c i t i e s  i n  t h e  
s u p e r h e a t e d  s u b l a y e r  o f  t h e  l i q u i d .  T h ese  l a r g e  c o n v e c t i v e  
v e l o c i t i e s  a r e  c a u s e d  b y  t h e  g r o w th  a n d  c o l l a p s e  o f  t h e  b u b ­
b l e s .  As was p o i n t e d  o u t  b y  F o r s t e r  an d  G r i e f  ( 1 7 ) ,  i f  m ech­
a n is m  1 i s  c o r r e c t  t h e  h e a t  f l u x  s h o u l d  b e  s t r o n g l y  d e p e n d e n t
on  t h e  t e m p e r a t u r e  d i f f e r e n c e  (T „_ tt -  TL^ , ^ ) ;  h o w e v e r ,  e x -waj-j- l i q u i d
p e r i m e n t a l  i n v e s t i g a t i o n s  o f  s u b c o o l e d  l i q u i d s  do n o t  show 
t h i s  s t r o n g  d e p e n d e n c e .
8M echanism  2 ;  L a t e n t  H e a t  T r a n s p o r t  b y  B u b b le s  
I t  I s  p o s t u l a t e d  t h a t  a s  a  b u b b l e  g ro w s  i t  a b s o r b s  
l a t e n t  h e a t  w h ic h  i s  r e t u r n e d  t o  t h e  b u l k  l i q u i d  When t h e  
b u b b le  c o l l a p s e s .  I t  h a s  b e e n  shown (4 8 )  t h a t  t h i s  m echan ism  
c a n  o n l y  a c c o u n t  f o r  a  s m a l l  p e r c e n t a g e  o f  t h e  t o t a l  h e a t  
w h ic h  i s  t r a n s f e r e d .
M echanism  3 :  V a p o r - L i q u i d  E x ch a n g e  A c t io n
T h is  m e c h a n is m ,w h ic h  was f i r s t  d i s c u s s e d  b y  F o r s t e r  
a n d  G r i e f  (1 7 ) a s su m e s  t h a t  a s  t h e  b u b b l e  g ro w s  s u p e r h e a t e d  
l i q u i d  i s  f o r c e d  f ro m  t h e  s u p e r h e a t e d  l i q u i d  l a y e r  i n t o  t h e  
b u l k  l i q u i d  a n d  t h a t  upon  b u b b l e  d e t a c h m e n t ,  c o o l  l i q u i d  
r u s h e s  i n  t o  f i l l  t h e  v o i d  l e f t  by  t h e  d e p a r t i n g  b u b b l e .
M echanism  4 :  M ass T r a n s f e r  T h ro u g h  t h e  B u b b le
I t  i s  p o s t u l a t e d  t h a t  a s  t h e  b u b b l e  g ro w s  on  t h e  
s u r f a c e  t h e  i n s i d e  o f  t h e  b u b b l e  i s  e x p o s e d  t o  a  m i c r o - l a y e r  
o f  l i q u i d  w h ic h  w e t s  t h e  s u r f a c e .  T h i s  l i q u i d  l a y e r  e v a p ­
o r a t e s  i n t o  t h e  i n t e r i o r  o f  t h e  b u b b le  a n d  c o n d e n s e s  on  t h e  
b u b b le  t o p  w h e re  i t  g i v e s  up  t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o n .
I n  a  r e c e n t  i n v e s t i g a t i o n ,  Moore a n d  M e s le r  (4 2 )  
fo u n d  t h a t  t h e  s u r f a c e  t e m p e r a t u r e  d r o p s  20  t o  3 0 *P i n  a b o u t  
2 m i l l i s e c o n d s  d u r i n g  n u c l e a t e  b o i l i n g .  T h i s  s u r f a c e  te m ­
p e r a t u r e  f l u c t u a t i o n ,  w h ic h  h a d  n o t  b e e n  p r e v i o u s l y  m e a s u r e d ,  
was i n v e s t i g a t e d  b y  u s i n g  a  s p e c i a l l y  d e s i g n e d  th e r m o c o u p le  
w h ic h  was a n  i n t e g r a l  p a r t  o f  t h e  h e a t  t r a n s f e r  s u r f a c e .
T h e r e  I s  n o t h i n g  i n  m ech an ism  1 o r  3 w h ic h  c a n  a c c o u n t  f o r  
t h i s  l a r g e  s u r f a c e  t e m p e r a t u r e  d r o p .  M echanism  3 p o s t u l a t e s
9t h a t  c o o l  w a t e r  r u s h e s  t o  t h e  h e a t e r  s u r f a c e  upon  b u b b l e  
d e p a r t u r e ;  h o w ev er  a s  was p o i n t e d  c u t  b y  Moore a n d  M e s l e r ,  
t h e  l a r g e  t e m p e r a t u r e  f l u c t u a t i o n s  t h a t  w e re  o b s e r v e d  w ould  
r e q u i r e  l i q u i d  w h ic h  was s u p e r c o o l e d  t o  b e  p r e s e n t .  Moore 
a n d  M e s le r  n o t e  i n  t h e i r  p a p e r  t h a t  m echan ism  2 i s  c o n s i s t e n t  
w i t h  t h e i r  e x p e r i m e n t a l  w o rk .
Q a e r t n e r ' s  (21)  e x c e l l e n t  p h o t o g r a p h i c  s t u d y  p o i n t e d  
o u t  t h a t  t h e r e  a r e  t h r e e  an d  p o s s i b l y  f o u r  d i s t i n c t  r e g i o n s  
i n  n u c l e a t e  b o i l i n g .  The r e g i o n s  ( d i s c r e t e  b u b b le  r e g i o n ,  
f i r s t  t r a n s i t i o n  r e g i o n ,  v a p o r  mushroom r e g i o n ,  a n d  s e c o n d  
t r a n s i t i o n  r e g i o n )  w ere  c h a r a c t e r i z e d  b y  t h e  mode o f  v a p o r  
f o r m a t i o n .
I n  v iew  o f  t h e  p r e v i o u s  w ork , i t  a p p e a r s  t h a t  a  com­
b i n a t i o n  o f  s e v e r a l  m echan ism s i s  r e q u i r e d  t o  e x p l a i n  t h e  
n u c l e a t e  b o i l i n g  r e g i o n .
S e v e r a l  c o r r e l a t i n g  e q u a t i o n s  ( I 7 , l 8 , 3 5 ,4 1 )  have  
b e e n  p r o p o s e d  f o r  t h e  n u c l e a t e  b o i l i n g  r e g i o n ;  h o w e v e r ,  a t  
t h i s  t im e  no  g e n e r a l  e q u a t i o n  d e s c r i b i n g  t h e  n u c l e a t e  b o i l ­
i n g  r e g i o n  h a s  b e e n  f o u n d .  T h i s  a b s e n c e  i s ,  p r o b a b l y ,  due  
t o  two f a c t o r s .  One, t h e  s u r f a c e  c h a r a c t e r i s t i c s  h a v e  b e e n  
n e g l e c t e d  i n  a l l  t h e  p u b l i s h e d  c o r r e l a t i o n s .  Two, t h e  p r e s ­
e n t  c o r r e l a t i o n s  a r e  a l l  b a s e d  On e i t h e r  m echan ism  1 o r  3 .
I t  i s  u n l i k e l y  t h a t  a  g e n e r a l  e q u a t i o n  d e s c r i b i n g  n u c l e a t e  
b o i l i n g  w i l l  b e  d i s c o v e r e d  u n t i l  t h e  m echan ism  o f  n u c l e a t e  
b o i l i n g  i s  u n d e r s t o o d  a n d  t h e  h e a t  t r a n s f e r  s u r f a c e  c a n  b e  
c h a r a c t e r i z e d .
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T e c h n o l o g i c a l l y  t h e  m ost i m p o r t a n t  p o i n t  on  t h e  b o l l -  
i n g  c u rv e  i s  t h e  b u r n o u t  p o i n t .  I n  t h e  n u c l e a t e  b o i l i n g  r e ­
g i o n  h e a t  t r a n s f e r  c o e f f i c i e n t s  o f  1000  B t u / * F - f t ^  a r e  n o t  
uncommon; h o w e v e r ,  upon  e n t r y  i n t o  t h e  f i l m  b o i l i n g  r e g i o n  
t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  may d r o p  b y  a  f a c t o r  o f  t w e n ty  
o r  m ore . I n  a d d i t i o n  t o  t h e  u n d e s i r a b l e  h e a t  t r a n s f e r  w h ic h  
i s  common t o  t h e  f i l m  b o i l i n g  r e g i o n ,  t h e  h e a t  t r a n s f e r  s u r ­
f a c e  c an  b e  m e l t e d  b e c a u s e  o f  t h e  p o o r  h e a t  t r a n s f e r  away 
f ro m  t h e  s u r f a c e .  B e c a u se  o f  t h e s e  f a c t o r s ,  a  r e l i a b l e  e q u a ­
t i o n  w h ic h  c a n  b e  u s e d  t o  p r e d i c t  c r i t i c a l  h e a t  f l u x e s  i s  o f  
p r i m a r y  i n t e r e s t  t o  t h e  i n v e s t i g a t o r s  s t u d y i n g  b o i l i n g  h e a t  
t r a n s f e r .  A t p r e s e n t ,  t h e r e  i s  no g e n e r a l  e q u a t i o n  w h ic h  
w i l l  p r e d i c t  t h e  b u r n o u t  p o i n t .  T h e re  h a v e ,  h o w e v e r ,  b e e n  
s e v e r a l  e q u a t i o n s  p u b l i s h e d  w h ic h  f i t  a  p a r t  o f  t h e  d a t a  
a v a i l a b l e .
Rohsenow a n d  G r i f f i t h  (49) p r o p o s e  t h e  c r i t i c a l  h e a t  
f l u x  c o r r e l a t i o n  g i v e n  by  e q u a t i o n  1 . T h e i r  s e m i - e m p i r i c a l  
e q u a t i o n  i s  b a s e d  on  d a t a  f o r  o r g a n i c  l i q u i d s  a n d  w a t e r .
= 143 (  "I- '  f t / h r  (1 )
Pv’" ^  Pv /
W here : L i s  t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o n
i s  t h e  v a p o r  d e n s i t y ,  
pj^ i s  t h e  l i q u i d  d e n s i t y .
K u t a t e l a d z e  (33) b y  u s e  o f  d i m e n s i o n a l  a n a l y s i s  d e ­
v e lo p e d  t h e  b u r n o u t  c o r r e l a t i o n  g i v e n  b y  e q u a t i o n  2 .
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V
W here : o i s  t h e  s u r f a c e  t e n s i o n .
g  I s  a c c e l e r a t i o n  d u e  t o  g r a v i t y .
Z u b e r  (5 3 )  b a s e d  h i s  c o r r e l a t i o n  on  t h e  l i m i t i n g  
s t a b i l i t y  o f  two p h a s e  f l o w .  The r e s u l t i n g  c o r r e l a t i o n  I s  
g i v e n  b y  e q u a t i o n  3 .
C l c h e l l l  an d  B o n i l l a  (1 0 )  fo u n d  t h a t  t h e y  c o u ld  
e m p i r i c a l l y  c o r r e l a t e  t h e i r  e x p e r i m e n t a l  d a t a  f o r  a  l a r g e  
num ber o f  o r g a n i c  l i q u i d s  b y  e q u a t i o n  4 .
(Q/A)jnax
Fp
W here : i s  t h e  r e d u c e d  p r e s s u r e .
a  i s  e q u a l  t o  1 f o r  c l e a n  s u r f a c e s ,
a  i s  e q u a l  t o  1 .1 5  f o r  d i r t y  s u r f a c e s .
Addoms (40) s u g g e s t e d  t h e  e m p i r i c a l l y  d e t e r m i n e d  
c o r r e l a t i o n  g i v e n  b y  e q u a t i o n  5*
   f C 'L  ~ "v (5)
Kp 8 \ l / 3  P , V
P y l - C
Pl ^L ^
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W here : K I s  t h e  t h e r m a l  c o n d u c t i v i t y .
C i s  t h e  s p e c i f i c  h e a t .
None o f  t h e  e q u a t i o n s  g i v e n  a b o v e  c a n  a d e q u a t e l y  
c o r r e l a t e  a l l  o f  t h e  e x p e r i m e n t a l  d a t a  t h a t  a r e  a v a i l a b l e .
Use o f  t h e s e  e q u a t i o n s  c a n  i n  many c a s e s  p r e d i c t  v a l u e s  w h ic h  
a r e  s e v e r a l  h u n d re d  p e r  c e n t  i n  e r r o r .  T h i s  d i s c r e p a n c y  i s  
n o t  s u r p r i s i n g  a s  none  o f  t h e  c o r r e l a t i o n s  c o n s i d e r  s u r f a c e  
e f f e c t s .  Upon c l o s e r  s t u d y  o f  t h e  e q u a t i o n s  g i v e n  a b o v e ,  i t  
becom es  a p p a r e n t  t h a t  t h e  c r i t i c a l  h e a t  f l u x  i s  a  f u n c t i o n
o n l y  o f  t h e  th e rm o d y n a m ic  p r o p e r t i e s  o f  t h e  f l u i d  i n  a l l
c a s e s .  T h e r e f o r e ,  f o r  l i q u i d s ,  w h ic h  a r e  th e r m o d y n a m ic a l ly  
s i m i l a r  and  f o r  b o i l i n g  o n  t h e  same s u r f a c e  i t  i s  p r o b a b l e  
t h a t  a  c o r r e l a t i o n  u s i n g  r e d u c e d  p r o p e r t i e s  o f  t h e  l i q u i d s  
c a n  b e  f o u n d .  L ie n h a r d  a n d  S c h r o c k  ( 3 6 ) ;  B o r i s h a n s k y ,
N o v ik o v ,  a n d  K u t a t e l a d z e  ( 5 ) ;  F r e d e r k i n g  (1 9 )»  and  C i c h e l l i  
a n d  B o n i l l a  ( s e e  e q u a t i o n  4 )  h a v e  p u b l i s h e d  w ork  w h ic h  
s u p p o r t  t h i s  t h e o r y .
L ie n h a r d  and  S c h r o c k  u s e d  e q u a t i o n  3 a s  a  b a s i s  f o r  
t h e i r  w o rk .  By m a n i p u l a t i n g  t h e  C l a u s i u s  C la p e y r o n  e q u a t i o n ,  
t h e  e x p r e s s i o n  f o r  v a n  d e r  W a a l ' s  r e d u c e d  v o lu m e ,  t h e  d e f i n i n g  
e q u a t i o n  f o r  t h e  p a r a c h o r ,  and  e q u a t i o n  3 t h e y  o b t a i n e d  
e q u a t i o n  6 .
(Q/A)max ,
max
W here :  * i s  t h e  p a r a c h o r .
M i s  m o l e c u l a r  w e i g h t .
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n r4  * ^  8 M Pc .3 /4  -,
^max = 2 ?  [  C 3  R )  ]
B o r l s h a n a k i  a n d  c o w o r k e r s  d i s c u s s  t h e  t h e o r y  o f  
th e rm o d y n a m ic  s i m i l a r i t y  a s  a p p l i e d  t o  t h e  c r i t i c a l  h e a t  
f l u x .  T hey  a l s o  p r o p o s e  e q u a t i o n  7  a s  a  c o r r e l a t i o n  f o r  
c r i t i c a l  h e a t  f l u x .
E q u a t i o n s  6 an d  7  w ere  t e s t e d  w i t h  d a t a  o b t a i n e d  b y  b o i l i n g  
o r g a n i c  l i q u i d s  a n d  w a t e r .  E q u a t i o n  6 was t e s t e d  w i t h  d a t a  
o b t a i n e d  on  t h e  same s u r f a c e  ; h o w e v e r ,  t h e  d a t a  u s e d  t o  t e s t  
e q u a t i o n  7  came f ro m  s e v e r a l  s o u r c e s .  W h ile  t h e  w ork  c i t e d  
a b o v e  i s  i n t e r e s t i n g  a n d  t e n d s  t o  s u p p o r t  t h e  th e rm o d y n a m ic  
s i m i l a r i t y  t h e o r y ,  d e f i n i t e  c o n f i r m a t i o n  o f  t h e  t h e o r y  d e ­
p e n d s  on  o b t a i n i n g  d a t a  f o r  l i q u i d s  w h ic h  f o l l o w  t h e  law  o f  
c o r r e s p o n d i n g  s t a t e s  t o  a  h i g h  d e g r e e  o f  a c c u r a c y  s u c h  a s  
a r g o n ,  k r y p t o n ,  x e n o n ,  n i t r o g e n ,  m e th a n e ,  o x y g e n ,  o r  c a r b o n  
m onox ide  (2 5 ) .
F r e d e r k i n g  ( 1 9 ,2 0 )  d e v e l o p e d  a n  i n t e r e s t i n g  e q u a t i o n  
f o r  p r e d i c t i o n  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e  a t  t h e  b u r n o u t  
p o i n t  b a s e d  on a n  e s t i m a t e  o f  t h e  p o s s i b l e  m e t a s t a b l e  s t a t e s  
i n  w h ic h  a  two p h a s e  s y s te m  c a n  e x i s t .  F o r  a  g i v e n  p r e s s u r e ,  
t h e  maximum s u p e r h e a t  o c c u r s  a t  t h e  minimum o f  t h e  m e t a s t a b l e  
i s o t h e r m s  on  a  P-V d i a g r a m .  T h e r e f o r e ,  w i t h  a  s u r f a c e  f r e e  
o f  d e f e c t s ,  a  l i q u i d  w h ic h  o b e y s  v a n  d e r  W a a l ' s  e q u a t i o n
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s h o u l d  a t t a i n  a  l i q u i d  s u p e r h e a t  c o r r e s p o n d i n g  t o  shown
i n  F i g u r e  2 .  D i f f e r e n t i a t i n g  v a n  d e r  W a a l ' s  e q u a t i o n ,
a n d  m in im iz in g  w i t h  r e s p e c t  t o  Vp, g i v e s  a n  e x p r e s s i o n  
( e q u a t i o n  8 )  f o r  t h e  r e d u c e d  maximum t e m p e r a t u r e  d i f f e r e n c e  
t h a t  c a n  b e  e x p e c t e d .
AT
= - 5 ^  = T* -  T (8 )
^  ‘ s a t
,  (3Vj. -  i f
r
S i n c e  i t  w ou ld  r e q u i r e  a  p e r f e c t l y  sm oo th  s u r f a c e  t o  a t t a i n  
a  s u p e r h e a t  o f  AT^^, F r e d e r k i n g  s u g g e s t s  t h a t  t h e  d e g r e e  o f  
m e t a s t a b i l i t y  a t t a i n e d  b e  d e f i n e d  a s ,
ATe -  bo  _ t e m p e r a t u r e  d i f f e r e n c e  i n  a c t u a l  s y s te m  ,q %
A T ^  t h e o r e t i c a l  t e m p e r a t u r e  d i f f e r e n c e
As a  f i r s t  a p p r o x i m a t i o n  F r e d e r k i n g  a ssu m ed  t h a t  t h e  d e g r e e  
o f  m e t a s t a b i l i t y ,  e ,  was e q u a l  t o  0 . 5 .  As was p o i n t e d  o u t  b y  
F r e d e r k i n g ,  t h i s  w ork  i s  h i g h l y  i d e a l i z e d  a s  v an  d e r  W a a l 's  
e q u a t i o n  a n d  t h e  law  o f  c o r r e s p o n d i n g  s t a t e s  hav e  b e e n  a s su m e d ;  
h o w e v e r ,  t h e  t h e o r y  p r e s e n t e d  h e r e  s h o u ld  b e  h e l p f u l  i n  f u t u r e  
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The t r a n s i t i o n  r e g i o n  ( u n s t a b l e  f i l m  b o i l i n g )  h a s  
r e c e i v e d  l i t t l e  a t t e n t i o n  f o r  two r e a s o n s .  F i r s t ,  I t  I s  t h e  
m o s t d i f f i c u l t  r e g i o n  t o  s t u d y .  The u s e  o f  e l e c t r i c  h e a t e r s  
1§ d i f f i c u l t  b e c a u s e  o f  t h e  I n s t a b i l i t y  o f  t h e  h e a t e r s  I n  t h e  
u n s t a b l e  f i l m  b o i l i n g  r e g i o n .  T h e r e f o r e ,  t h e  I n v e s t i g a t o r  
m u s t  em p lo y  a  h o t  l i q u i d  o r  a  c o n d e n s in g  v a p o r  a s  a  h e a t  
s o u r c e .  S e c o n d ,  a  s t u d y  o f  t h e  t r a n s i t i o n  r e g i o n  h a s  no 
p r a c t i c a l  u s e  a s  I n d u s t r i a l  e q u ip m e n t  c a n n o t  b e  d e s i g n e d  
w h ic h  w i l l  o p e r a t e  I n  t h i s  r e g i o n .  A t p r e s e n t  no w ork  o f  a  
t h e o r e t i c a l  n a t u r e  h a s  b e e n  p u b l i s h e d  I n  t h e  a r e a  o f  u n s t a b l e  
f i l m  b o i l i n g ;  a n d ,  v e r y  l i t t l e  e x p e r i m e n t a l  d a t a  a r e ^ a v a l l -  
a b l e .  W e s tw a te r  ( 1 5 ) h a s  sum m arized  t h e  e x p e r i m e n t a l  d a t a  
w h ic h  a r e  a v a i l a b l e .
The f i l m  b o i l i n g  r e g i o n  h a s  r e c e i v e d  o n l y  a  f r a c t i o n  
o f  t h e  a t t e n t i o n  t h a t  t h e  n u c l e a t e  b o i l i n g  r e g i o n  h a s .  The 
f i r s t  t h e o r e t i c a l  e q u a t i o n  f o r  t h e  f i l m  b o i l i n g  r e g i o n  was 
p r o p o s e d  b y  B ro m ley  (7 ) .  B ro m ley  s u g g e s t e d  t h a t  a n  e q u a t i o n  
s i m i l a r  t o  N u s s e l t ' s  f i l m  c o n d e n s a t i o n  e q u a t i o n  w i t h  m o d i f i c a ­
t i o n s  I n  t h e  c o e f f i c i e n t  and  t h e  p h y s i c a l  p r o p e r t i e s  w ould  
c h a r a c t e r i z e  f i l m  b o i l i n g .  The f i n a l  fo rm  o f  t h e  e q u a t i o n  
f o r  h o r i z o n t a l  t u b e s  I s  g i v e n  b y  e q u a t i o n  9»
h  = c o n s t ,  r -  P y ) l g  - l l / ' t  ( 9 )
L D Uy AT J
Where I s  t h e  v i s c o s i t y  o f  t h e  v a p o r  a n d  h  I s  t h e  h e a t  
t r a n s f e r  c o e f f i c i e n t  d ue  t o  c o n v e c t i o n .  The c o n s t a n t  was 
d e t e r m i n e d  e m p i r i c a l l y  t o  b e  0 . 6 2 .  The t h e o r e t i c a l
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c o e f f i c i e n t  Is, 0 .5 1 2  f o r  a s t a g n a n t  l i q u i d  a r o u n d  t h e  v a p o r  
a n d  0.724 f o r  l i q u i d  m oving  a t  t h e  same v e l o c i t y  a s  t h e  v a p o r .  
B ro m le y  s u g g e s t s  t h a t  t h e  r a d i a t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t  
s h o u ld  b e  d e t e r m i n e d  b y  a s s u m in g  p a r a l l e l  p l a t e s  a n d  a d d in g  
t h e  c o n t r i b u t i o n  t o  h  a t  h i g h  t e m p e r a t u r e s  w here  r a d i a t i o n  i s  
s i g n i f i c a n t .  B r o m l e y 's  e q u a t i o n  h a s  b e e n  fo u n d  t o  f i t  e x p e r i ­
m e n ta l  d a t a  o v e r  a  l i m i t e d  r a n g e  o f  d i a m e t e r s .  S m a l l  d i a m e t e r  
h e a t e r s  a p p r o a c h  t h e  f i l m  t h i c k n e s s  w h ic h  i s  n o t  a l l o w e d  f o r  
i n  B r o m l e y 's  d e r i v a t i o n ,  an d  l a r g e  d i a m e t e r s  a p p r o a c h  a  f l a t  
p l a t e  w h ic h  a c c o r d i n g  t o  e q u a t i o n  9 h a s  a  z e r o  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  B a n c h e r o ,  B a r k e r  a n d  B o l l  ( l )  i n  t h e i r  s t u d y  o f  
l i q u i d  o x y g e n  s u g g e s t  t h a t  t h e  d i a m e t e r  r a n g e  w h ere  B r o m l e y 's  
e q u a t i o n  i s  v a l i d  i s  b e tw e e n  d i a m e t e r s  o f  O.O69  a n d  0.127  
i n c h e s .  T h ese  a u t h o r s  fo u n d  e q u a t i o n  10 c o r r e l a t e d  t h e i r  
d a t a  f o r  ox y g en  f o r  a  r a n g e  o f  d i a m e t e r s  f ro m  0.025 t o  O. 7 5  
i n c h e s .
» ■ .  (  1 . 0)  [  ; ; ■ > »  ] ' / '
w here  a  i s  a  t e m p e r a t u r e  d e p e n d e n t  f u n c t i o n  a n d  C i s  e q u a l
t o  3 6 .5  i n ~ l .
I n  r e c e n t  y e a r s ,  s e v e r a l  a u t h o r s  have  d e v e lo p e d  
c o r r e l a t i o n s  f o r  f i l m  b o i l i n g  on  f l a t  h o r i z o n t a l  s u r f a c e s  
(4 , 8 , 9 , 2 7 ) u s i n g  t h e  c o n c e p t  o f  T a y l o r  i n s t a b i l i t y .  I f  a  
l i q u i d  l i e s  a b o v e  a  v a p o r ,  T a y l o r  i n s t a b i l i t y  w i l l  d e v e l o p ;  
t h a t  i s ,  w aves w i l l  fo rm  a t  t h e  i n t e r f a c e  a n d  r u p t u r e  w i l l  
o c c u r  a l l o w i n g  v a p o r  t o  r i s e  a s  b u b b l e s .  The wave l e n g t h
18
o f  t h e  s m a l l e s t  wave w h ic h  c a n  fo rm  a t  t h e  s u r f a c e  i s  g i v e n  
b y  e q u a t i o n  11
R e c e n t l y  B re e n  an d  W e s tw a te r  (6 )  h av e  e x t e n d e d  t h e  T a y l o r  
i n s t a b i l i t y  t h e o r y  t o  f i l m  b o i l i n g  on h o r i z o n t a l  c y l i n d e r s .  
T h e i r  f i n a l  e q u a t i o n  i s  g i v e n  b e lo w .
1 / 4
 h [  .  0 .59  + 0.069 (  ^  )
 ^ k 3 p, ( p^  -  p J g L  J “
G e n e r a l i t y  i s  c l a im e d  f o r  e q u a t i o n  12 on  t h e  b a s i s  o f  d a t a  on  
s e v e r a l  s u b s t a n c e s  a t  a t m o s p h e r i c  p r e s s u r e  a n d  one s e t  o f  
d a t a  on  oxygen  ( l )  a t  a  s e r i e s  o f  p r e s s u r e s .  I t  w i l l  b e  
shown l a t e r  i n  t h i s  w ork  t h a t  e q u a t i o n  12 i s  n o t  g e n e r a l .
CHAPTER I I I  
EXPERIMENTAL EQUIPMENT
The e x p e r i m e n t a l  ^equ ipm ent u se d  I n  t h i s  w ork  c o n s i s t e d  
o f  f i v e  b a s i c  e l e m e n t s ,  a  h e a t  t r a n s f e r  e l e m e n t ,  a  p ow er 
s o u r c e ,  a  p r e s s u r e  v e s s e l ,  a  g a u g e  t o  m e a s u re  p r e s s u r e ,  an d  
a p o t e n t i o m e t e r  t o  m e a su re  t e m p e r a t u r e s .
The o b j e c t  o f  t h e  h e a t  t r a n s f e r  e l e m e n t  d e s i g n  was t o  
d e v e l o p  a s im p le  h e a t e r  f o r  w h ic h  en d  e f f e c t s  c o u ld  b e  n e g ­
l e c t e d  ( s e e  A p p e n d ix  0 )  a n d  w h ic h  c o u ld  w i t h s t a n d  t h e  t h e r m a l  
s h o c k  o f  g o in g  t h r o u g h  t h e  b u r n o u t  p o i n t  a n d  f i l m  b o i l i n g  
t e m p e r a t u r e  d i f f e r e n c e s  o f  1 0 0 0 ° F .  The f i n a l  d e s i g n  ( s e e  
F i g u r e  3) c o n s i s t e d  o f  a  0 . 4 4  i n c h  d i a m e t e r  i n n e r  c o r e  o f  
b o r o n  n i t r i d e  o n  w h ic h  2 6  g a u g e  t u n g s t e n  w i r e  had  b e e n  wound 
i n  g r o o v e s  c u t  i n  t h e  c o r e .  T h e re  w ere  36 g r o o v e s  p e r  i n c h  
c u t  t o  a  d e p t h  o f  0 .0 2 2  i n c h e s .  The e n d s  o f  t h e  t u n g s t e n  
w i r e  w ere  h e l d  b y  t a p s  on  1 / 8  i n c h  d i a m e t e r  s c r e w s  w h ic h  
w ere  sc re w e d  i n t o  t h e  c o r e .  The s c r e w s  a l s o  a c t e d  a s  p o w er  
l e a d s  f o r  t h e  r e s i s t a n c e  w i n d i n g .  The i n n e r  c o r e  was t h e n  
c em en ted  i n t o  a  2 1 /3 2  i n c h  lo n g  c o p p e r  c y l i n d e r .  The O.D. 
was 0 .6 5  i n c h e s  an d  t h e  l . D .  was 0 . 5  i n c h e s .  The cem en t 
u s e d  was W. T . B e a n ,  t y p e  H c e m e n t .  T h re e  s l o t s  120 d e g r e e s  
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t o  a  d e p t h  o f  0 .0 2 2  I n c h e s .  T h re e  32 g a u g e  i r o n - c o n s t a n t a n  
t h e r m o c o u p le s  w ere s i l v e r  s o l d e r e d  i n  t h e  e n d s  o f  t h e  s l o t s .  
The th e r m o c o u p le  w i r e s  w ere  t h e n  c e m e n te d  i n  p l a c e .  T h i s  
e n t i r e  a s s e m b ly  was t h e n  p l a c e d  i n s i d e  a  0 .8 0 2 2  i n c h  c y l i n d e r  
b y  s h r i n k  f i t t i n g .  T h i s  c o n s t r u c t i o n  a s s u r e d  good t h e r m a l  
c o n t a c t  b e tw e e n  th e  tw o  m e ta l  s u r f a c e s .
End p l a t e s  made o f  t r a n s i t e  w ere  t h e n  cem en ted  t o  t h e  
e n d s  o f  t h e  h e a t e r  a s s e m b ly  t o  m in im iz e  h e a t  l o s s e s .
B r a s s  p l a t e s  w e re  t h e n  s o f t  s o l d e r e d  t o  t h e  s c re w s  
w h ic h  a c t e d  a s  pow er l e a d s ;  a n d ,  num ber 12 c o p p e r  w i r e  was 
s i l v e r  s p i d e r e d  t o  t h e  b r a s s  p l a t e s  t o  p r o v i d e  po w er l e a d s  
t o  t h e  h e a t  t r a n s f e r  e l e m e n t .
Upon t e s t i n g  t h e  e le m e n t  i n  l i q u i d  n i t r o g e n ,  a n  o x id e  
c o a t i n g  was o b s e r v e d  t o  fo rm  on t h e  h e a t  t r a n s f e r  s u r f a c e .  
.(T h is  c o a t i n g  was p r o b a b l y  due  t o  t h e  o x y g e n  c o n t a i n e d  i n  t h e  
l i q u i d  n i t r o j g e n ) . S i n c e  a  r e p r o d u c i b l e  s u r f a c e  was e s s e n t i a l  
t o  t h i s  i n v e s t i g a t i o n ,  t h e  h e a t  t r a n s f e r  s u r f a c e  was g o l d  
p l a t e d  a t  0 . 2  amp. a n d  1 .5  v o l t s  f o r  t h i r t y  m in u te s  w i t h  a 
c a th o d e  t o  a n o d e  r a t i o  o f  7* T h e re  was no  v i s u a l  d e p o s i t  
fo rm ed  on t h e  g o l d  s u r f a c e  when thie h e a t  t r a n s f e r  e l e m e n t  was 
t e s t e d  a g a i n  i n  l i q u i d  n i t r o g e n .
The h e a t  t r a n s f e r  e le m e n t  was p o w e red  b y  two m odel 
MA2S-125 p o w e r  s o u r c e s  w h ic h  w ere  c o n n e c te d  i n  s e r i e s .  The 
r a n g e  o f  c o n t r o l  o f  t h e  p ow er s o u r c e  was f ro m  l 8  t o  72  v o l t s  
w i t h  a  maximum am p e rag e  o f  125 . To o b t a i n  t h e  c o n t r o l  n e e d e d  
f o r  t h i s  i n v e s t i g a t i o n ,  a  v a r i a b l e  r e s i s t a n c e  made o f  2 0  f e e t  
o f  num ber 10  n ic h ro m e  w i r e  was c o n n e c te d  i n  s e r i e s  w i t h  t h e
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power source. This re sista n ce  allowed the voltage to be 
varied between 2 and 72  v o lt s .
The heat d iss ip a ted  by the heat transfer element was 
determined by measuring the current flow  and the voltage drop 
across the heat tran sfer  elem ent. The amperage was measured 
with a Simpson d .o . ammeter. The amperage could be measured 
accurately  to ±  0.25 amps. The p o ten tia l drop across the 
heater was measured using two d .c . Simpson voltm eters. One 
meter was used to measure the range 0 to  25 v o lts j  the other 
was used in  the range of 25 to 72 v o lt s .  The voltage meas­
urements In the low range were accurate to  ±  0 .5  v o l t s .  The 
accuracy In the upper range was ±  2 .0  v o lt .
The pressure v e sse l was a standard one l i t e r  autoclave
(see Figure 4) with a confined gasket type c losu re. The In­
side diameter of the v e s se l was 3 Inches; and, the depth of
the v e sse l from the closure was 9 3 /8  Inches. Power and
thermocouple leads entered the autoclave through two Conax 
e le c tr ic a l  lead sea lin g  glands. The pressure of the system  
was controlled  by regulating the flow o f liq u id  n itrogen  
through an In ternal condensing c o l l .  The condensing c o l l  was 
made of 10 fe e t  o f 1 /4  Inch s ta in le s s  s t e e l  tubing. The 
tubing was co lled  In such a manner that I t  extended only  
2 1/2 Inches from the closure o f the pressure v e s s e l .  To 
minimize heat lo s se s  to  the atmosphere the en tire  autoclave 
was surrounded by two fe e t  o f p e a r llte .
The s y s t e m  p r e s s u r e  was d e t e r m i n e d  w i t h  a  H e ls e  
b o u r d o n  tu b e  p r e s s u r e  g a u g e . The l 6  I n c h  d i a l  was g r a d u a t e d
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f ro m  0 t o  1000 p o u n d s  p e r  s q u a r e  I n c h  I n  i n c r e m e n t s  o f  one  
po und  p e r  s q u a r e  i n c h .  An A s h c r o f t  d e a d  w e ig h t  t e s t e r  was 
u s e d  t o  c a l i b r a t e  t h e  p r e s s u r e  g a u g e  ( s e e  A ppend ix  E ) .  I t  
w as fo u n d  t h a t  t h e  p r e s s u r e  c o u l d  be  d e t e r m i n e d  w i t h  a n  
a c c u r a c y  o f  ± one  p ou nd  p e r  s q u a r e  i n c h .
The t e m p e r a t u r e s  w ere  m e a su re d  u s i n g  a  L ee d s  a n d  
N o r t h r u p  p o r t a b l e  p r e c i s i o n  p o t e n t i o m e t e r  (num ber 8 6 6 2 ) .  
M i l l i v o l t  r e a d i n g s  b e lo w  15 m i l l i v o l t s  c o u ld  be  r e a d  a c c u ­
r a t e l y  t o  ± 0 .0 0 5  m i l l i v o l t s .  Above 15 m i l l i v o l t s  t h e  r e a d ­
i n g s  c o u ld  be  r e a d  w i t h  a n  a c c u r a c y  o f  ±  0 .0 2 5  m i l l i v o l t s .
T he t h e r m o c o u p le s  u s e d  i n  t h i s  i n v e s t i g a t i o n  w ere  c a l i b r a t e d  
u s i n g  a  p l a t i n u m  r e s i s t a n c e  th e r m o m e te r  ( s e e  A p p en d ix  D ) .
The c o o l i n g  n i t r o g e n  was s t o r e d  i n  L in d e  L S llO  d e w a rs  
w h ic h  had  b e e n  m o d i f i e d  t o  g i v e  a  w o rk in g  p r e s s u r e  o f  235  
p o u n d s  p e r  s q u a r e  i n c h  g a u g e .  T h i s  a r r a n g e m e n t  p r o v i d e d  
s u f f i c i e n t  d r i v i n g  f o r c e  t o  t h e  c o o l i n g  n i t r o g e n  s o  t h a t  t h e  
s y s t e m  p r e s s u r e  c o u ld  b e  c o n t r o l l e d  e a s i l y .
CHAPTER IV 
EXPERIMENTAL PROCEDURE
B e c a u se  s u r f a c e  e f f e c t s  c an  h av e  a n  e x t r e m e  e f f e c t  
on t h e  h e a t  f l u x  I n  t h e  n u c l e a t e  b o i l i n g  r e g i o n ,  g r e a t ,  c a r e  
was t a k e n  t o  o b t a i n  a  r e p r o d u c i b l e  s u r f a c e .  A f t e r  e a c h  
s e r i e s  o f  r u n s  t h e  f i r s t  r u n  o f  t h e  s e r i e s  was r e p e a t e d  to  
c h e c k  t h e  s u r f a c e  c o n d i t i o n s .  No s u r f a c e  c h a n g e s  w ere  n o te d  
d u r i n g  t h e  n i t r o g e n  r u n s ;  h o w e v e r ,  t h e  Dow C o rn in g  630  
e l e c t r o n i c  p r o t e c t i v e  c o a t i n g ,  w h ic h  was p l a c e d  on  t h e  en d  
p l a t e s  o f  t h e  h e a t  t r a n s f e r  e l e m e n t ,  was a t t a c k e d  b y  l i q u i d  
m ethane  a n d  d e p o s i t e d  on t h e  h e a t e r  s u r f a c e .  T h is  f o u l i n g  
n e c e s s i t a t e d  r e m o v in g  t h e  h e a t  t r a n s f e r  e l e m e n t  f ro m  t h e  
p r e s s u r e  v e s s e l  a n d  c l e a n i n g  i t  w i t h  m e th a n o l  an d  a c e t o n e .
The n i t r o g e n  r u n  a t  a  p r e s s u r e  o f  389  p o u n d s  p e r  s q u a r e  i n c h  
was t h e n  r e p e a t e d  t o  s e e  i f  t h e  s u r f a c e  h a d  b e e n  r e s t o r e d  t o  
i t s  o r i g i n a l  s t a t e ,  a n d  i t  c h e c k e d .
The h e a t  t r a n s f e r  s u r f a c e  was k e p t  i n  a  n i t r o g e n  o r  
a  m eth an e  a tm o s p h e r e  b e tw e e n  r u n s  t o  i n s u r e  t h a t  no c o n ­
t a m i n a t i n g  g a s  was a d s o r b e d  on t h e  h e a t e r  s u r f a c e .
The h e a t  t r a n s f e r  e l e m e n t  was a l l o w e d  t o  r e t u r n  t o  
room t e m p e r a t u r e  s e v e r a l  t im e s  d u r i n g  t h e  i n v e s t i g a t i o n ;  t h i s  
c y c l i n g  a p p a r e n t l y  d i d  n o t  a f f e c t  t h e  s u r f a c e  c o n d i t i o n  o f
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t h e  h e a t e r .  Lyon (3 7 )  o b t a i n e d  s i m i l a r  r e s u l t s  i n  h i s  s t u d y  
o f  b o i l i n g  h e a t  t r a n s f e r  t o  n i t r o g e n  a n d  o x y g e n .
S i n c e  h y s t e r i s i s  e f f e c t s  h av e  b e e n  n o t e d  i n  n u c l e a t e  
b o i l i n g  ( 1 2 , 3 4 ) ,  p a r t i c u l a r  c a r e  was t a k e n  t o  a lw a y s  i n c r e a s e  
t h e  h e a t  f l u x  w h i l e  n u c l e a t e  b o i l i n g  d a t a  w ere  b e i n g  o b t a i n e d .  
Run 9 w h ic h  was b r i e f l y  i n t e r r u p t e d  b y  a  pow er f a i l u r e  an d  
was s t a r t e d  a g a i n  a t  t h e  same f l u x  y i e l d e d  f l u x  v a l u e s  w h ic h  
w ere  h i g h .
S e v e r a l  i n v e s t i g a t o r s  ( 1 2 , 2 6 ,3 4 )  have  r e p o r t e d  a 
v a r i a t i o n  “o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  w i t h  t im e  f o r  a  
new ly  im m ersed  h e a t  t r a n s f e r  s u r f a c e .  T h i s  e f f e c t  was n o t e d  
i n  t h i s  i n v e s t i g a t i o n ;  h o w e v e r ,  a f t e r  3 0  m in u te s  t h e  s u r f a c e  
h a d  r e a c h e d  a  s t e a d y  s t a t e  a n d  no v a r i a t i o n  was f o u n d  a t  
l o n g e r  t i m e s .  B e c a u s e  o f  t h i s  t im e  d e p e n d e n c e ,  t h e  l i q u i d  
w as a l l o w e d  t o  b o i l  a t  l e a s t  30  m in u te s  a t  t h e  s t a r t  o f  e a c h  
s e r i e s  o f  r u n s  b e f o r e  d a t a  w ere  t a k e n .  A f t e r  t h e  h e a t  t r a n s ­
f e r  s u r f a c e  had b e e n  i n  t h e  f i l m  b o i l i n g  r e g i o n ,  i t  t o o k  o n l y  
a  few  m in u t e s  t o  r e a c h  a  s t e a d y  s t a t e  c o n d i t i o n  a f t e r  i t  was 
r e t u r n e d  t o  t h e  n u c l e a t e  b o i l i n g  r e g i o n .
A t t h e  s t a r t  o f  e a c h  s e r i e s  o f  r u n s  t h e  s y s te m  was 
c o o le d  b y  c h a r g i n g  l i q u i d  n i t r o g e n  i n t o  t h e  s y s te m  a n d  v e n t ­
i n g  t h e  v a p o r  t o  t h e  a t m o s p h e r e . F o r  n i t r o g e n  r u n s  t h e  v e n t  
a n d  f i l l  l i n e  w ere  c l o s e d  when t h e  l i q u i d  l e v e l  i n  t h e  a u t o ­
c l a v e  was a p p r o x i m a t e l y  6 i n c h e s .  F o r  m e th an e  r u n s ,  t h e  
n i t r o g e n  u s e d  f o r  p r e c o o l i n g  was a l l o w e d  t o  v a p o r i z e ;  t h e n  
t h e  m e th an e  was c h a r g e d  u n t i l  t h e  d e p t h  o f  t h e  l i q u i d  was 
a p p r o x i m a t e l y  6 i n c h e s .  D u r in g  t h e  m e th an e  c h a r g i n g ,  t h e
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v e n t  l i n e  was l e f t  o p e n  so  s m a l l  a m o u n ts  o f  m eth an e  c o u ld  
v a p o r i z e  I n t o  t h e  a tm o s p h e r e  and  p u r g e  a n y  n i t r o g e n  w h ic h  was 
l e f t  i n  t h e  s y s te m .  The l i q u i d  n i t r o g e n  c o o l a n t  was c i r c u ­
l a t e d  t h r o u g h  t h e  c o n d e n s in g  c o i l  d u r i n g  t h e  c o o l i n g  an d  
f i l l i n g  o p e r a t i o n s  t o  c o o l  t h e  s y s te m  f a s t e r .  A f t e r  t h e  
p r e s s u r e  v e s s e l  was f i l l e d ,  t h e  p r e s s u r e  r e q u i r e d  was o b t a i n e d  
b y  a d j u s t i n g  t h e  m e t e r i n g  v a l v e  w h ic h  c o n t r o l l e d  t h e  n i t r o g e n  
c o o l a n t  s t r e a m .  The h e a t  t r a n s f e r  e l e m e n t  was t h e n  t u r n e d  • 
on  an d  t h e  t e m p e r a t u r e s ,  a m p e ra g e ,  a n d  v o l t a g e  v a l u e s  w ere  
r e c o r d e d  a f t e r  e q u i l i b r i u m  was r e a c h e d .  A f t e r  e a c h  i n c r e a s e  . 
i n  p o w er  t h e  p r e s s u r e  was a d j u s t e d ,  a n d  a  new s e t  o f  r e a d i n g s  
was o b t a i n e d .
The e x p e r i m e n t a l  v a l u e s  i n  t h e  f i l m  b o i l i n g  r e g i o n  
to o k  c o n s i d e r a b l e  t im e  t o  o b t a i n  b e c a u s e  o f  t h e  t im e  r e q u i r e d  
f o r  t h e  h e a t  t r a n s f e r  e l e m e n t  t o  r e a c h  e q u i l i b r i u m .  The 
a d d e d  r e s i s t a n c e . t o  h e a t  f lo w  c a u s e d  t h e  t u n g s t e n  w in d in g  t o  
h e a t  up  w h ic h  c h a n g e d  i t s  r e s i s t a n c e .  I t  was fo u n d  t h a t  t h e  
t im e  r e q u i r e d  f o r  t h e  h e a t  t r a n s f e r  e l e m e n t  t o  r e a c h  e q u i l i b ­
r iu m  i n  t h e  f i l m  b o i l i n g  r e g i o n  c o u ld  b e  s h o r t e n e d  b y  s e t t i n g  
t h e  v o l t a g e  s l i g h t l y  a b o v e  t h e  v a l u e  w a n te d  an d  t h e n  d e ­
c r e a s i n g  t h e  v o l t a g e  t o  t h e  v a lu e  w h ic h  was t o  b e  r e c o r d e d .  
T h i s  p r o c e d u r e  was a l s o  e f f e c t i v e  f o r  t h e  r e g i o n  a b o v e  t h e  
c r i t i c a l  p o i n t .
D u r in g  t h e  i n v e s t i g a t i o n ,  t h e  t e f l o n  s e a l a n t  i n  t h e  
Conax f i t t i n g s  c o ld  f l o w e d .  T h i s  f lo w  n e c e s s i t a t e d  t i g h t e n ­
i n g  t h e s e  f i t t i n g s  e v e r y  2 h o u r s  t o  p r e v e n t  l e a k a g e .
S i n c e  t h e  c o o l i n g  c a p a c i t y  o f  t h e  s y s te m  was n o t
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g r e a t  e n o u g h  t o  o b t a i n  t h e  e n t i r e  n u c l e a t e  b o i l i n g  c u r v e  f o r  
m e th a n e ,  f i l m  b o i l i n g  was i n i t i a t e d  by  r a i s i n g  t h e  p r e s s u r e  
ab o v e  t h e  c r i t i c a l  p r e s s u r e  t h e n  r e d u c i n g  i t  t o  t h e  p r e s s u r e  
w h ic h  was o f  i n t e r e s t .
The a t m o s p h e r i c  n i t r o g e n  d a t a  w e re  o b t a i n e d  b y  
im m e rs in g  t h e  h e a t  t r a n s f e r  e l e m e n t  i n  a  5 l i t e r  d e w a r  o f  
l i q u i d  n i t r o g e n .  M ake-up n i t r o g e n  was a d d e d  when t h e  l i q u i d  
l e v e l  r e a c h e d  a  p o i n t  6 i n c h e s  a b o v e  t h e  h e a t  t r a n s f e r  
s u r f a c e .
To i n s u r e  t h a t  no  a i r  w ould  b e  d raw n  i n t o  t h e  s y s te m  
d u e  t o  a  vacuum  t h e  m ethane  p r e s s u r e  was a lw a y s  h e l d  i n  e x c e s s  
o f  10 p o u n d s  p e r  s q u a r e  i n c h  g a u g e .
CHAPTER V
DERIVATION OP EQUATION FOR CRITICAL TEMPERATURE DIFFERENCES
B e c a u s e  o f  s u r f a c e  e f f e c t s  w h ic h  c a n n o t  be  c h a r a c t e r ­
i z e d ,  n u c l e a t e  b o i l i n g  c r i t i c a l  h e a t  f l u x e s  an d  t h e  c o r r e s ­
p o n d in g  t e m p e r a t u r e  d i f f e r e n c e s  r e p o r t e d  b y  v a r i o u s  w o r k e r s  
a r e  w i d e l y  d i f f e r e n t  f o r  a  g i v e n  s u b s t a n c e .  S i n c e  t h e  c h a r ­
a c t e r i z a t i o n  o f  t h e  s u r f a c e  e f f e c t s  h a s  n o t  y e t  b e e n  acco m ­
p l i s h e d ,  a  m ethod  o f  c o m p a r in g  n u c l e a t e  b o i l i n g  b u r n o u t  d a t a  
o f  v a r i o u s  i n v e s t i g a t o r s  w h ic h  e l i m i n a t e s  s u r f a c e  e f f e c t s  i s  
n e e d e d .  S u c h  a  m eth o d  w ould  n o t  o n l y  a l l o w  t h e  d a t a  o f  d i f ­
f e r e n t  i n v e s t i g a t o r s  t o  b e  co m pared  b u t  w ou ld  a l s o  p r o v i d e  a  
m ethod  b y  w h ic h  t h e  s u r f a c e  c o u ld  be c h a r a c t e r i z e d .
To d a t e ,  a t t e m p t s  t o  c o r r e l a t e  b u r n o u t  d a t a  h av e  b e e n  
p r i m a r i l y  c o n c e r n e d  w i t h  t h e  c r i t i c a l  h e a t  f l u x .  F r e d e r k i n g ' s  
w ork  i s  t h e  e x c e p t i o n .  S i n c e  t h e  c r i t i c a l  h e a t  f l u x  h a s  r e ­
c e i v e d  w id e  a t t e n t i o n  w i t h  l i t t l e  s u c c e s s ,  t h i s  w ork  w i l l  b e  
p r i m a r i l y  c o n c e r n e d  w i t h  t h e  c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e .
The f o l l o w i n g  d e r i v a t i o n  w i l l  b e  r e s t r i c t e d  t o  c o r r e s ­
p o n d in g  s t a t e s  l i q u i d s .  T h i s  r e s t r i c t i o n  w i l l  e l i m i n a t e  some 
o f  t h e  c o m p l i c a t i o n s  w h ic h  o c c u r  due t o  t h e  m o l e c u l a r  i n t e r ­
a c t i o n s  o f  t h e  m ore c o n ç ) l i c a t e d  s u b s t a n c e s .
A l o g i c a l  s t a r t i n g  p o i n t  f o r  a n y  c o r r e l a t i o n ,  w h ic h
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e l i m i n a t e s  t h e  e f f e c t  o f  s u r f a c e  c o n d i t i o n s  a t  t h e  b u r n o u t  
p o i n t ,  i s  a n  a n a l y s i s  o f  t h e  v a r i a b l e s  w h ic h  e f f e c t  e a s  d e ­
f i n e d  b y  P r e d e r k i n g  ( s e e  e q u a t i o n  8 - a ) .  e w i l l  c e r t a i n l y  d e ­
pend on  t h e  g e o m e try  o f  t h e  h e a t  t r a n s f e r  e le m e n t  an d  th e  
num ber o f  p o t e n t i a l  n u c l é a t i o n  s i t e s .  S i n c e  t h e  num ber o f  
n u c l é a t i o n  s i t e s  f o r  a  g i v e n  s u r f a c e  w h ic h  a r e  a c t i v e  d e p e n d s  
upon t h e  l e v e l  o f  s u p e r h e a t  ( 1 1 , 2 8 , 3 4 ) ,  i t  seem s r e a s o n a b l e  
t o  a ssu m e  t h a t  e w i l l  d e p e n d  upon  t h e  th e rm o d y n a m ic s  o f  t h e  
l i q u i d  b e i n g  b o i l e d .  I t  w i l l  t h e r e f o r e  be  a ssu m e d  t h a t  e c a n  
be  s p e c i f i e d  b y  a n  e q u a t i o n  o f  t h e  fo rm  g i v e n  b e lo w
e = / '(< P ,N ,T p )  (1 3 )
W here: <p i s  a  g e o m e t r i c  s h a p e  f a c t o r .
N i s  t h e  num ber o f  p o t e n t i a l  n u c l é a t i o n  s i t e s  f o r  a 
g i v e n  s u r f a c e .
I f  t h e  e q u a t i o n  a b o v e  i s  v a l i d ,  e s h o u l d  be  e q u a l  f o r  l i q u i d s ,  
w h ich  f o l l o w  t h e  law  o f  c o r r e s p o n d i n g  s t a t e s ,  t h a t  a r e  b o i l e d  
on t h e  same h e a t  t r a n s f e r  s u r f a c e .  A p l o t  o f  L y o n 's  d a t a  
(37) f o r  o xygen  a n d  n i t r o g e n  b o i l i n g  on a  p l a t i n u m  s u r f a c e  
( F ig u r e  5 )  shows t h a t  e i s  n o t  d e p e n d e n t  on t h e  l i q u i d  b e i n g  
b o i l e d  up  t o  a r e d u c e d  t e m p e r a t u r e  o f  O .8 5 . U n f o r t u n a t e l y  
L y o n 's  h e a t  t r a n s f e r  e le m e n t  was p a r t i a l l y  i n  t h e  f i l m  b o i l i n g  
r e g i o n  a t  h i g h  p r e s s u r e s  so  v a l u e s  o f  e ab o v e  a  r e d u c e d  te m ­
p e r a t u r e  o f  0 .8 5  f o r  oxygen  c o u ld  n o t  b e  c a l c u l a t e d .  H ow ever, 
t h e  c l o s e  c o r r e s p o n d e n c e  a t  p r e s s u r e s  b e lo w  15*51  a tm o s p h e r e s  
t e n d s  t o  p r o v e  t h e  v a l i d i t y  o f  a s s u m in g  e q u a t i o n  1 3 .
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s u r f a c e  g e o m e tr y  c a n  b e  e l i m i n a t e d  b y  s e t t i n g  a  r e f e r e n c e  
v a lu e  o f  e on  e a c h  s u r f a c e  a n d  d i v i d i n g  a l l  t h e  e ' s  b y  t h i s  
r e f e r e n c e  v a l u e ;  t h a t  I s ,  e a t  a  g i v e n  r e d u c e d  p r e s s u r e  w i l l  
b e  assum ed  a s  a  r e f e r e n c e  v a l u e .  T h i s  p r o c e d u r e  y i e l d s :
ATbo ^  r e f  _
^ r e f  ^^vw b o  r e f  ^  (<P,N,Tp j*ef)
S i n c e  t h e  g e o m e t r i c  f a c t o r  a n d  t h e  nu m ber  o f  p o t e n t i a l  a c t i v e  
n u c l e i  w i l l  b e  c o n s t a n t  f o r  a  g i v e n  s u r f a c e ,  t h e  a b o v e  e q u a ­
t i o n  r e d u c e s  t o :
^^bo  r e f  N(p ( ^ r  ref^^N«P ^^vw r e f
[ / ' ( T r ) ]N V  /"(Tr)
C / ' ( T r  r e f ^ ^ N ?  ^ ( ^ r  r e f )
o r  s i n c e  C / ' ( T ^  ref)^N«P r e p r e s e n t  c o n s t a n t s
t h e n ,
^  " "
E q u a t io n  l 4  s h o u ld  b e  v a l i d  f o r  p o o l  b o i l i n g  o f  l i q u i d s  w h ic h  
f o l l o w  t h e  law  o f  c o r r e s p o n d i n g  s t a t e s  t o  a  h i g h  d e g r e e  o f  
a c c u r a c y .  The g e o m e tr y  o f  t h e  h e a t  t r a n s f e r  e l e m e n t  s h o u ld  
n o t  b e  a  f a c t o r  w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  t h i n  w i r e s ,  
w h ere  t h e  b u b b l e  d i a m e t e r  a p p r o a c h e s  t h e  d i a m e t e r  o f  t h e  w i r e .  
The e q u a t i o n  w i l l  p r o b a b l y  a l s o  h o ld  f o r  a  s e r i e s  o f  s u b ­
s t a n c e s  t h a t  a r e  t h e r m o d y n a m ic a l ly  s i m i l a r .
CHAPTER VI 
RESULTS AND DISCUSSION
The u s u a l  m an n e r  o f  r e p r e s e n t i n g  b o i l i n g  h e a t  t r a n s ­
f e r  i s  t o  p r e s e n t  a  p l o t  o f  t h e  l o g a r i t h m  o f  t h e  t e m p e r a t u r e  . 
d i f f e r e n c e  v e r s u s  t h e  l o g a r i t h m  o f  t h e  h e a t  f l u x .  T h i s  p r o ­
c e d u r e  t e n d s  t o  mask t h e  s c a t t e r  o f  t h e  d a t a  an d  c a n  b e  d e -
^  '
c e i v i n g  t o  t h e  c u r s o r y  o b s e r v e r .  F o r  t h i s  r e a s o n ,  a l l  d a t a  
o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  w i l l  b e  p r e s e n t e d  a s  p l o t s  o f  
t h e  t e m p e r a t u r e  d i f f e r e n c e  v e r s u s  t h e  h e a t  f l u x .  S i n c e  t h e  
h e a t  f l u x e s  a n d  t e m p e r a t u r e  d i f f e r e n c e s  o b t a i n e d  w i t h  c r y o ­
g e n i c  l i q u i d s  a r e  l o w e r  t h a n  t h o s e  o b t a i n e d  w i t h  h i g h e r  
b o i l i n g  l i q u i d s ,  t h e  a d d i t i o n a l  r a n g e  a f f o r d e d  b y  l o g - l o g  
p l o t s  i s  n o t  r e q u i r e d  f o r  p r e s e n t a t i o n  o f  t h e  d a t a .
The d i s c u s s i o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s  w i l l  be  
d i v i d e d  i n t o  f o u r  a r e a s :  n u c l e a t e  b o i l i n g  b e lo w  t h e  c r i t i c a l
h e a t  f l u x ,  t h e  c r i t i c a l  h e a t  f l u x ,  f i l m  b o i l i n g ,  a n d  c o n v e c t i v e  
h e a t  t r a n s f e r  a t  p r e s s u r e s  w h ic h  e x c e e d  t h e  l i q u i d ' s  c r i t i c a l  
p r e s s u r e .
W h ile  o p e r a t i n g  i n  t h e  n u c l e a t e  b o i l i n g  r e g i o n  a  tem ­
p e r a t u r e  g r a d i e n t  a ro u n d  t h e  c i r c u m f e r e n c e  o f  t h e  e l e m e n t  
was n o t e d .  S i m i l a r  g r a d i e n t s  h av e  a l s o  b e e n  n o t e d  b y  p r e v i o u s
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i n v e s t i g a t o r s  ( 1 6 , 2 6 ) .  The v a l u e s  f o r  t h e  t e m p e r a t u r e  d i f f e r ­
e n c e s  6 0 ° f ro m  t h e  t o p  (m ea su red  f ro m  t h e  v e r t i c a l  a x i s )  a n d  
a t  t h e  b o t to m  o f  t h e  e le m e n t  f o r  a  r e p r e s e n t a t i v e  r u n  a r e  
p l o t t e d  v e r s u s  t h e  h e a t  f l u x  i n  f i g u r e  6 .  The v a r i a t i o n  i n  
t e m p e r a t u r e  a r o u n d  t h e  c i r c u m f e r e n c e  i s  l e s s  t h a n  2®P. T h i s  
b e h a v i o r  was n o t e d  on  a l l  n u c l e a t e  b o i l i n g  d a t a  an d  seem s t o  
b e  i n d e p e n d e n t  o f  p r e s s u r e  l e v e l .  The v a r i a t i o n s  i n  t e m p e r a ­
t u r e  a r o u n d ^ t h e  c i r c u m f e r e n c e  w h ic h  w ere  fo u n d  i n  t h i s  i n v e s ­
t i g a t i o n  w ere  l a r g e r  t h a n  t h o s e  r e p o r t e d  b y  H a s e ld e n  (2 6 ) .
He u s e d  a  3 / 8  i n c h  d i a m e t e r  h e a t  t r a n s f e r  e l e m e n t  a s  com p ared  
w i t h  a  d i a m e t e r  o f  0 .8 0 2 2  i n c h e s  u s e d  i n  t h i s  i n v e s t i g a t i o n ,  
s u g g e s t i n g  t h a t  t h e  v a r i a t i o n s  i n  t e m p e r a t u r e  w i t h  c i r c u m ­
f e r e n c e  i n c r e a s e  w i t h  i n c r e a s i n g  d i a m e t e r  o f  t h e  h e a t  t r a n s ­
f e r  e l e m e n t .  T h i s  v a r i a t i o n  a ro u n d  t h e  c i r c u m f e r e n c e  p o s e s  
t h e  p ro b le m  o f  w h a t  t e m p e r a t u r e  d i f f e r e n c e  s h o u ld  b e  u s e d .
The t e m p e r a t u r e  d i f f e r e n c e  o b ta i r t e d  f ro m  t h e  t h e r m o c o u p le s  
l o c a t e d  60  d e g r e e s  f ro m  th e  t o p  w ere  c h o s e n  a s  r e p r e s e n t a t i v e  
i n  t h i s  i n v e s t i g a t i o n  s i n c e  t h e r e  w ere  two th e r m o c o u p le s  a t
t h i s  a n g u l a r  l o c a t i o n  w h ic h  p r o v i d e d  a  c h e c k  on  t h e  t e m p e r a ­
t u r e  d i f f e r e n c e .
D u r in g  t h e  i n v e s t i g a t i o n ,  s e v e r a l  r u n s  w ere  r e p e a t e d  
t o  c h e c k  w h e t h e r  t h e  s u r f a c e  had  u n d e rg o n e  a  c h a n g e .  I t  was 
f o u n d  t h a t  f o r  a  g i v e n  h e a t  f l u x  t h e  t e m p e r a t u r e  d i f f e r e n c e  
c o u ld  b e  r e p r o d u c e d  w i t h i n  10 p e r  c e n t .  The 4 n i t r o g e n  r u n s  
c o n d u c te d  a t  a t m o s p h e r i c  p r e s s u r e  a r e  p l o t t e d  i n  F i g u r e  7  t o  
g i v e  t h e  r e a d e r  a  f e e l i n g  f o r  t h e  r e p r o d u c i b i l i t y  o f  t h e  d a t a .
35
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F i g u r e  7  a l s o  i n c l u d e s  3 n u c l e a t e  b o i l i n g  c o r r e l a t i o n s  w h ic h  
a r e  commonly u se d  t o  p r e d i c t  n u c l e a t e  b o i l i n g  d e s i g n  d a t a .
I t  i s  o b v io u s  t h a t  t h e s e  c o r r e l a t i o n s  d e v i a t e  f ro m  t h e  e x ­
p e r i m e n t a l  d a t a  e n o u g h  t o  b e  o f  l i t t l e  v a l u e  o t h e r  t h a n  f o r  
ro u g h  a p p r o x i m a t i o n s .  The h i g h e r  p r e s s u r e  d a t a  w e re  n o t  com­
p a r e d  w i t h  t h e  c o r r e l a t i n g  e q u a t i o n s  s i n c e  i t  was a p p a r e n t  
t h a t  t h e  e q u a t i o n s  g i v e  h e a t  f l u x e s  w h ic h  a r e  low f o r  a  
g i v e n  t e m p e r a t u r e  d i f f e r e n c e .  To p r e d i c t  n u c l e a t e  b o i l i n g  
d a t a  a  c o r r e l a t i o n  m u s t  a c c o u n t  f o r  s u r f a c e  c o n d i t i o n s .  As 
y e t ,  n o t  e n o u g h  i s  known a b o u t  t h e  s u r f a c e  c o n t r i b u t i o n  t o  
a l l o w  s u c h  a  c o r r e l a t i o n  t o  b e  f o r m u l a t e d .
An I n c r e a s e  i n  t h e  t e m p e r a t u r e  d i f f e r e n c e  w i t h  t i m e ,  
when t h e  h e a t  t r a n s f e r  e le m e n t  was f i r s t  im m ersed  i n  l i q u i d  
n i t r o g e n ,  was n o t e d ;  h o w e v e r ,  a f t e r  t h i r t y  m in u te s  t h e  te m ­
p e r a t u r e  d i f f e r e n c e  h ad  r e a c h e d  a  c o n s t a n t  v a lu e  a n d  th e  
d a t a  w ere  r e p r o d u c i b l e .  A t im e  e f f e c t  was a l s o  n o t e d  when 
t h e  h e a t  t r a n s f e r  e l e m e n t  had  b e e n  i n  t h e  f i l m  b o i l i n g  r e g i o n  
p r i o r  t o  t h e  n u c l e a t e  b o i l i n g  r u n .  The t im e  e f f e c t  was n o t  
a s  p ro n o u n c e d  when t h e  e l e m e n t  had  b e e n  i n  f i l m  b o i l i n g .  The 
t e m p e r a t u r e  d i f f e r e n c e s  u n d e r  t h e s e  c o n d i t i o n s  becam e c o n s t a n t  
a f t e r  two o r  t h r e e  m i n u t e s .  E x p o s in g  t h e  h e a t  t r a n s f e r  e l e ­
m ent t o  room  c o n d i t i o n s  had  a n  e f f e c t  s i m i l a r  t o  t h a t  fo u n d  
when t h e  e l e m e n t  had b e e n  i n  f i l m  b o i l i n g .
The e f f e c t  o f  p r e s s u r e  on n u c l e a t e  b o i l i n g  n i t r o g e n  
an d  m eth an e  i s  shown i n  F i g u r e s  8 a n d  9 .  The n u c l e a t e
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b o i l i n g  c u r v e s  f o r  n i t r o g e n  a n d  m e th an e  s h i f t  t o  t h e  l e f t  
w i t h  I n c r e a s i n g  p r e s s u r e  a s  e x p e c t e d .  However t h e  n i t r o g e n  
c u r v e s  f o r  29 9  a n d  3 8 9  p o u n d s  p e r  s q u a r e  I n c h  r e a c h  t e m p e r a ­
t u r e  d i f f e r e n c e s  w h ic h  a r e  h i g h e r  t h a n  t h e  o n e s  a t  lo w e r  
p r e s s u r e s  f o r  a  g i v e n  h e a t  f l u x .  T h i s  e f f e c t  o c c u r s  a s  t h e  
c r i t i c a l  h e a t  f l u x  I s  a p p r o a c h e d .  Lyon (3 7 )  r e p o r t s  t h i s  
ty p e  o f  b e h a v i o r  f o r  n i t r o g e n  b o i l i n g  o n  a  p l a t i n u m  p l a t e .  
R oubeau  ( 5 0 ) ;  h o w e v e r ,  d o e s  n o t  r e p o r t  t h i s  b e h a v i o r  f o r  
n i t r o g e n  b o i l i n g  on  a  c o p p e r  p l a t e .  He d o e s  r e p o r t  a  l e v e l ­
i n g  o u t  o f  t h e  c u r v e  a s  t h e  b u r n o u t  p o i n t  I s  a p p r o a c h e d .
T h i s  p r e v i o u s  w ork  c o u p le d  w i t h  t h e  f a c t  t h a t  t h e  r u n  a t  3 8 9  
p o u n d s  p e r  s q u a r e  I n c h  was r e p r o d u c e d  t e n d s  t o  c o n f i r m  t h a t  
t h i s  e f f e c t  I s  I n d e e d  p r e s e n t ,  a t  l e a s t  f o r  b o i l i n g  n i t r o g e n  
on  g o l d  a n d  p l a t i n u m  s u r f a c e s .
P r e l i m i n a r y  r u n s  a t  a t m o s p h e r i c  p r e s s u r e  f o r  n i t r o g e n  
on  a  c o p p e r  s u r f a c e  s h i f t e d  t h e  n u c l e a t e  b o i l i n g  c u rv e  t o  t h e  
r i g h t .  F o u l i n g  o f  t h e  s u r f a c e  was f o u n d  t o  s h i f t  t h e  n u c l e a t e  
b o i l i n g  c u r v e s  t o  t h e  l e f t .
Due t o  I n a d e q u a t e  c o o l i n g  f o r  c o n d e n s a t i o n  o f  m e th an e  
a t  h i g h  h e a t  f l u x e s ,  t h e  c r i t i c a l  h e a t  f l u x  f o r  m e th an e  was 
n o t  o b t a i n a b l e  w i t h  t h e  e q u ip m e n t  u s e d  I n  t h i s  I n v e s t i g a t i o n .  
T h e r e f o r e ,  t h e  d i s c u s s i o n  o f  t h e  c r i t i c a l  h e a t  f l u x  and  
c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e  I s  r e s t r i c t e d  t o  d a t a  o b ­
t a i n e d  w i t h  t h e  n i t r o g e n  s y s t e m .  The c r i t i c a l  h e a t  f l u x  a t
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a g i v e n  p r e s s u r e  l e v e l  v a r i e d  l e s s  t h a n  9 p e r  c e n t  when r u n s  
w ere  r e p e a t e d  t o  c h e c k  s u r f a c e  c o n d i t i o n s .
The c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e s  w ere  fo u n d  b y  
e x t r a p o l a t i n g  t h e  t e m p e r a t u r e  d i f f e r e n c e  t o  t h e  b u r n o u t  
p o i n t  a s  s u g g e s t e d  b y  C i c h e l l i  a n d  B o n i l l a  ( 1 0 ) .  The e x ­
t r a p o l a t e d  v a l u e s  o f  t h e  c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e  f o r  
a  g i v e n  p r e s s u r e  l e v e l  w ere  w i t h i n  10 p e r  c e n t  o f  e a c h  o t h e r  
i n  a l l  c a s e s .
The v a r i a t i o n  o f  t h e  c r i t i c a l  h e a t  f l u x  w i t h  r e d u c e d  
p r e s s u r e  i s  shown i n  F i g u r e  1 0 .  The e x p e r i m e n t a l  d a t a  o f  
L yon , K o sk y , and  Harman (37) f o r  t h e  c r i t i c a l  h e a t  f l u x  o f  
n i t r o g e n  b o i l i n g  on a  p l a t i n u m  p l a t e  a n d  R o u b e a u 's  (50 ) 
recom m ended c u rv e  f o r  n i t r o g e n  b o i l i n g  o n  a  c o p p e r  p l a t e  a r e  
a l s o  p r e s e n t e d  f o r  c o m p a r is o n  p u r p o s e s .  I t  i s  a p p a r e n t  f ro m  
F i g u r e  10 t h a t  t h e  s u r f a c e ,  o r  a  c o m b in a t io n  o f  t h e  s u r f a c e  
a n d  h e a t  t r a n s f e r  e l e m e n t  g e o m e t r y ,  h a s  a  s i g n i f i c a n t  e f f e c t  
upon  t h e  c r i t i c a l  h e a t  f l u x .  (A s i m i l a r  c o n c l u s i o n  was a d ­
v a n c e d  b y  G a m b il l  ( 2 3 ) ) .
I n  F i g u r e  11 s e v e r a l  o f  t h e  common c r i t i c a l  h e a t  
f l u x  c o r r e l a t i o n s  w h ic h  n e g l e c t  s u r f a c e  a n d  h e a t  t r a n s f e r  
e le m e n t  g e o m e t r y  a r e  com pared  w i t h  t h e  e x p e r i m e n t a l  d a t a  o b ­
t a i n e d  i n  t h i s  i n v e s t i g a t i o n .  F i g u r e s  10  an d  11 show no 
s i n g l e  e q u a t i o n  p l o t t e d  c a n  p r e d i c t  t h e  r e s u l t s  o f  R oubeau  
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F i g u r e  1 0 .  C o m p ar iso n  o f  t h e  C r i t i c a l  H ea t  F lu x  D a ta  W ith  
P r e v i o u s  D a ta
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CICHELLI ond BONILLA (10)
LICNHARO ORd 8CHR0CK (S B )
ZUBER ( 9 3 )
#  EXPERIMENTAL DATA 
ROHSENOW (4 9 )  
KUTATELAOZE ( 3 3 )
F i g u r e  1 1 .  C o m p ar iso n  o f  t h e  C r i t i c a l  H e a t  F lu x  W ith  
P r e d i c t e d  V a lu e s  F o r  N i t r o g e n
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The c r i t i c a l  t e m p e r a t u r e  d i f f e r e n c e  v a l u e s  o b t a i n e d  
I n  t h i s  I n v e s t i g a t i o n  a r e  com pared  w i t h  P r e d e r k l n g ' s  p r o ­
p o s e d  e q u a t i o n  ( 1 9 ,2 0 )  I n  F i g u r e  1 2 .  The p o o r  a g re e m e n t  o f  
t h e  d a t a  w i t h  t h e  e q u a t i o n  I s  t o  b e  e x p e c t e d .  As was 
p o i n t e d  o u t  b y  F r e d e r k l n g ,  t h e  p r o p o s e d  r e l a t i o n s h i p  I s  a  
ro u g h  a p p r o x i m a t i o n  a n d  c a n n o t  b e  u s e d  f o r  q u a n t i t a t i v e  
p r e d i c t i o n s .
A c o m p a r is o n  o f  t h e  v a l u e s  o f  e o b t a i n e d  I n  t h i s  
w ork  w i t h  t h o s e  o f  Lyon I s  g i v e n  I n  F i g u r e  1 3 . The d i f f e r ­
e n c e  I n  e a t  a n y  g i v e n  t e m p e r a t u r e  c a n  b e  a t t r i b u t e d  t o  t h e  
f a c t  t h a t  Lyon u s e d  a  f l a t  p l a t i n u m  p l a t e  w h e re a s  I n  t h i s  
I n v e s t i g a t i o n  a  g o l d  p l a t e d  c y l i n d e r  was u s e d .
The v a l i d i t y  o f  e q u a t i o n  ( l 4 )  d e r i v e d  e a r l i e r  I n  
t h i s  w o rk ,  was c h e c k e d  b y  p l o t t i n g  Lyon, K osky  an d  H a rm a n 's  
n i t r o g e n  a n d  ox y g en  d a t a ;  R o u b e a u 's  n i t r o g e n  d a t a ;  a n d  t h e  
d a t a  o b t a i n e d  I n  t h i s  I n v e s t i g a t i o n  ( F i g u r e  l 4 ) . The c u rv e  
d raw n  t h r o u g h  th e  d a t a  I s  a  l e a s t  s q u a r e s  f i t  f o r  a n  e q u a ­
t i o n  o f  t h e  f o l l o w i n g  t y p e .
-----------------   a ( l  -  T ^ ) "  (15)
*^bo a t  P y = 0 .1
The v a l u e s  o f  a  a n d  n  r e s p e c t i v e l y  w ere  f o u n d  t o  b e  2 . 3  and  




Figure 12. C o m p ariso n  o f  t h e  D a ta  F o r  C r i t i c a l  T e m p e r a tu r e  
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Figure 13. V a r i a t i o n  o f  e W ith  R edu ced  T e m p e r a tu r e  F o r  T h i s  
I n v e s t i g a t i o n
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f i t ,  86 p e r  c e n t  o f  them  d e v i a t e  f ro m  e q u a t i o n  15 l e s s  t h a n  
15 p e r  c e n t  a n d  97 p e r  c e n t  o f  them  d e v i a t e  f ro m  t h e  e q u a ­
t i o n  l e s s  t h a n  30  p e r  c e n t .  I n  v ie w  o f  t h e  s c a t t e r  (10  p e r  
c e n t  i n  t h i s  i n v e s t i g a t i o n )  w h ic h  seem s t o  b e  i n h e r e n t  i n  
b o i l i n g  h e a t  t r a n s f e r  d a t a ,  i t  i s  f e l t  t h a t  t h e  c o r r e l a t i o n  
p r e d i c t s  t h e  d a t a  r e m a r k a b ly  w e l l .  E q u a t i o n  15 i s  e x p e c t e d  
t o  b e  v a l i d  f o r  a n y  l i q u i d  w h ic h  f o l l o w s  t h e  law  o f  c o r r e s ­
p o n d in g  s t a t e s  t o  a  h i g h  d e g r e e  o f  a c c u r a c y ;  h o w e v e r ,  e x ­
p e r i m e n t a l  d a t a  f o r  a l l  s u b s t a n c e s  w h ic h  m ee t t h i s  r e q u i r e ­
m en t a r e  n e c e s s a r y  b e f o r e  g e n e r a l i t y  c a n  b e  c l a i m e d .  E q u a ­
t i o n  15 was com pared  w i t h  d a t a  on  s u b s t a n c e s  w h ic h  do  n o t  
f o l l o w  t h e  law  o f  c o r r e s p o n d i n g  s t a t e s  b y  p l o t t i n g  A ddom 's 
d a t a  on w a t e r  (4 0 )  a n d  C i c h e l l i  an d  B o n i l l a ' s  d a t a  f o r  
o r g a n i c  l i q u i d s  (10 )  ( s e e  F i g u r e  1 5 ) .  The e q u a t i o n  f i t s  
t h i s  d a t a  w e l l  f o r  v a l u e s  a b o v e  a  r e d u c e d  t e m p e r a t u r e  o f  
0 . 7 ,  b u t  w ide  d e v i a t i o n s  a r e  n o t e d  a t  l o w e r  s a t u r a t i o n  te m ­
p e r a t u r e s .  The r e a d e r  i s  c a u t i o n e d  a g a i n s t  u s i n g  e q u a t i o n  
15 f o r  p r e d i c t i n g  t e m p e r a t u r e  d i f f e r e n c e s  a t  h i g h  p r e s s u r e s  
f ro m  low p r e s s u r e  d a t a  f o r  s u b s t a n c e s  w h ic h  do  n o t  f o l l o w  
t h e  law  o f  c o r r e s p o n d i n g  s t a t e s  t o  a  h i g h  d e g r e e  o f  a c c u ­
r a c y .  E q u a t io n  15 was d e r i v e d  f o r  c o r r e s p o n d i n g  s t a t e s  
l i q u i d s  an d  s h o u l d  b e  r e s t r i c t e d  t o  t h o s e  l i q u i d s  u n t i l  
s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  t o  t e s t  t h e  e q u a t i o n  f o r  
s u b s t a n c e s  w h ic h  do n o t  f o l l o w  t h e  law  o f  c o r r e s p o n d i n g
48
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Figure 14. Comparison of Available Data With Equation 15
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C o m p a r iso n  o f  D a ta  F o r  L iq u i d s  W hich  Do N ot F o l lo w  
t h e  Law o f  C o r r e s p o n d in g  S t a t e s  W ith  E q u a t io n  15
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s t a t e s .
The e x p e r i m e n t a l  d a t a  f o r  n i t r o g e n  an d  m e th a n e  s t a b l e  
f i l m  b o i l i n g  a t  v a r i o u s  p r e s s u r e  l e v e l s  a r e  p r e s e n t e d  i n  
F i g u r e s  l 6  an d  1 7 . B a n c h e r o ,  B a r k e r  a n d  B o l l ' s  ( l )  d a t a  f o r  
f i l m  b o i l i n g  ox y g en  a t  s e v e r a l  p r e s s u r e  l e v e l s  a r e  p l o t t e d  
i n  F i g u r e  l 8  f o r  c o m p a r is o n  p u r p o s e s .  I t  i s  b e l i e v e d  t h a t  
t h e s e  3 s e t s  o f  d a t a  a r e  t h e  o n l y  o n e s  w h ic h  h a v e  b e e n  r e ­
p o r t e d  o v e r  a  p r e s s u r e  r a n g e .  The c u r v e s  f o r  p r e s s u r e s  o f  
442 p o u n d s  p e r  s q u a r e  i n c h  f o r  n i t r o g e n  and  6 l 4  p o u n d s  p e r  
s q u a r e  i n c h  f o r  m e th a n e  f ro m  t h i s  p r e s e n t  s t u d y  c l e a r l y  show 
t h a t  t h e  h e a t  f l u x  a t  a  g i v e n  t e m p e r a t u r e  d e c r e a s e s  r a p i d l y  
a s  t h e  c r i t i c a l  p r e s s u r e  i s  a p p r o a c h e d .  T h is  e f f e c t  i s  n o t  
a p p a r e n t  i n  B a n c h e r o ' s  w o rk ;  h o w e v e r ,  h i s  h i g h e s t  p r e s s u r e  
ru n  c o r r e s p o n d s  t o  a  r e d u c e d  p r e s s u r e  o f  0 .6 6  w h i l e  t h i s
e f f e c t  i s  n o t e d  i n  t h e  p r e s e n t  s t u d y  a t  r e d u c e d  p r e s s u r e s  o f
*
0 .9 1  f o r  m e th an e  a n d  O. 9  f o r  n i t r o g e n .  T h e r e f o r e ,  a  r a p i d  
d e c r e a s e  i n  h e a t  f l u x  a s  t h e  c r i t i c a l  p r e s s u r e  i s  a p p ro a c h e d  
w ould  n o t  b e  n o t i c e a b l e  i n  B a n c h e r o ' s  d a t a .  The e f f e c t  o f  
p r e s s u r e  on t h e  r u n s  w h ic h  a r e  a t  a  r e d u c e d  p r e s s u r e  l o w e r  
t h a n  0 . 8  a p p e a r s  t o  d e p en d  up o n  t h e  m a g n i tu d e  o f  t h e  t e m p e r a ­
t u r e  d i f f e r e n c e .  F o r  h i g h  t e m p e r a t u r e  d i f f e r e n c e s  a n  i n c r e a s e  
i n  p r e s s u r e  i n c r e a s e s  t h e  h e a t  f l u x  f o r  a  g i v e n  t e m p e r a t u r e  
d i f f e r e n c e .  F o r  low  t e m p e r a t u r e  d i f f e r e n c e s  a n  i n c r e a s e  i n  
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F i g u r e  l 8 .  AT Vs H eat F lu x  F o r  Oxygen F i lm  B o i l i n g
54
d i f f e r e n c e .  The b e h a v i o r  o f  t h e  n i t r o g e n  c u rv e  a t  a  p r e s s u r e  
o f  i 4 . 5  p o u n d s  p e r  s q u a r e  i n c h  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  
a t  low p r e s s u r e s  t h i s  t r a n s i t i o n  b e h a v i o r  p r o b a b l y  d o e s  n o t  
o c c u r .  T h e re  i s  i n s u f f i c i e n t  d a t a  a v a i l a b l e ,  h o w e v e r ,  t o  
p r e d i c t  t h e  p r e s s u r e  b e lo w  w h ic h  t h e  f i l m  b o i l i n g  c u r v e s  w i l l  
n o t  c r o s s .  The t e m p e r a t u r e  d i f f e r e n c e s  a b o v e  w h ic h  t h e  h e a t  
f l u x  w i l l  i n c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e  a p p e a r  t o  b e  
a p p r o x i m a t e l y  3 5 0 °P  f o r  n i t r o g e n ,  4 0 0 °P  f o r  m e th a n e ,  a n d  
3 5 0 ° P f o r  o x y g e n .
The e x p e r i m e n t a l  d a t a  f o r  f i l m  b o i l i n g  m e th an e  an d  
n i t r o g e n  a r e  com pared  w i t h  B r e e n  a n d  W e s t w a t e r ' s  p r e d i c t e d  
c u rv e  ( e q u a t i o n  12 ) i n  P i g u r e s  19 an d  2 0 .  The o n l y  r e s t r i c ­
t i o n  p l a c e d  on t h e  p r e d i c t e d  c u rv e  was t h a t  t h e  d i a m e t e r  o f  
t h e  h e a t  t r a n s f e r  e le m e n t  d i d  n o t  e q u a l  (6 )  " th e  m ost  d a n ­
g e r o u s  wave l e n g t h "  ( i . e . ,  t h e  wave l e n g t h  whose a m p l i t u d e  
i n c r e a s e s  a t  t h e  f a s t e s t  r a t e ) .  The d i a m e t e r  o f  t h e  h e a t  
t r a n s f e r  e l e m e n t  u s e d  i n  t h i s  i n v e s t i g a t i o n  was O.O6685  f e e t .  
"The m o st  d a n g e r o u s  wave l e n g t h "  v a r i e d  f ro m  0 .0 1 0 4  f e e t  a t  
6 l 4  p o u n d s  p e r  s q u a r e  i n c h  t o  O.0 6 3  f e e t  a t  24  p o u n d s  p e r  
s q u a r e  i n c h  f o r  m e th an e  an d  fro m  O.OO65  f e e t  a t  442  p o u n d s  
p e r  s q u a r e  i n c h  t o  0 .0 4  f e e t  a t  l 4 . 5  p o u n d s  p e r  s q u a r e  i n c h  
f o r  n i t r o g e n .  T h e r e f o r e  t h e s e  d a t a  p r o v i d e  a  t e s t  o f  t h e  
g e n e r a l i t y  o f  B r e e n  an d  W e s t w a t e r ' s  e q u a t i o n .  P i g u r e s  I 9  a n d  
20  c l e a r l y  show t h a t  t h e  e q u a t i o n  i s  n o t  g e n e r a l .  The f a c t o r .
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 S  ,  i s  .d e p e n d e n t  upon  t h e  t e m p e r a t u r e  d i f f e r e n c e  w h ic h
P
a l s o  c a s t s  d o u b t s  on  t h e  e q u a t i o n ' s  g e n e r a l i t y .  I t  I s  I n t e r ­
e s t i n g  t o  n o t e  t h a t  t h e  h i g h e s t  t e m p e r a t u r e  d i f f e r e n c e  (hT 
I n  F i g u r e s  I 9  an d  2 0 )  f o r  a  g i v e n  p r e s s u r e  I s  n e a r l y  a lw a y s  
t h e  p o i n t  c l o s e s t  t o  t h e  p r e d i c t e d  c u r v e ,  w h i l e  t h e  low te m ­
p e r a t u r e  d i f f e r e n c e  ( tT )  I s  a lm o s t  a lw a y s  t h e  p o i n t  w h ic h  
show s t h e  m o st d e v i a t i o n  f ro m  t h e  c u r v e .
I n  a d d i t i o n  t o  t h e  b o i l i n g  h e a t  t r a n s f e r  d a t a  w h ic h  
w ere  t h e  p r i m a r y  c o n c e r n  o f  t h i s  I n v e s t i g a t i o n ,  d a t a  on  c o n ­
v e c t i v e  h e a t  t r a n s f e r  t o  n i t r o g e n  a n d  m e th an e  a t  p r e s s u r e s  I n  
e x c e s s  o f  t h e i r  c r i t i c a l  p r e s s u r e  w ere  o b t a i n e d .  T h e se  d a t a  
a r e  shown I n  F i g u r e s  21  a n d  2 2 .
I t  was fo u n d  t h a t  t h e  h e a t  f l u x  a t  a  g i v e n  t e m p e r a t u r e  
d i f f e r e n c e  was I n d e p e n d e n t  o f  t h e  p r e s s u r e  l e v e l  f o r  m e th a n e  
I n  t h e  r a n g e  o f  7 6 4  p o u n d s  p e r  s q u a r e  I n c h  t o  864  p o u n d s  p e r  
s q u a r e  i n c h  and  f o r  n i t r o g e n  I n  t h e  r a n g e  o f  514  p o u n d s  p e r  
s q u a r e  I n c h  t o  8 l 4  p o u n d s  p e r  s q u a r e  I n c h .  As s e e n  I n  F i g u r e s  
21 a n d  2 2 ,  I f  t h e  d a t a  a t  p r e s s u r e s  o n l y  s l i g h t l y  rem oved  f ro m  
t h e  c r i t i c a l  p r e s s u r e  (492 p o u n d s  p e r  s q u a r e  I n c h  f o r  n i t r o g e n ;  
714  p o u n d s  p e r  s q u a r e  I n c h  f o r  m e th a n e )  a r e  I g n o r e d ,  a  s t r a i g h t  
l i n e  w i l l  f i t  t h e  d a t a  w i t h  a n  a c c u r a c y  o f  10 p e r  c e n t .
I t  was n o t e d  t h a t  a t  a  s p e c i f i c  t e m p e r a t u r e  d i f f e r ­
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e f f i c i e n t  t h a n  h e a t  t r a n s f e r  i n  t h e  c o n v e c t i v e  r e g i o n  a b o v e  
t h e  c r i t i c a l  p r e s s u r e .
CHAPTER V I I  
DISCUSSION OP ERRORS
T h e re  a r e  two t y p e s  o f  e r r o r s  w h ic h  a r e  I m p o r t a n t  I n  
b o i l i n g  h e a t  t r a n s f e r  s t u d i e s ,  t h e  e r r o r s  d u e  t o  p h y s i c a l  
e q u ip m e n t  o r  o p e r a t i o n a l  l i m i t a t i o n s  a n d  t h e  i n h e r e n t  e r r o r s  
w h ic h  i n v a r i a b l y  a p p e a r  i n  b o i l i n g  h e a t  t r a n s f e r  w o rk .  The 
i n h e r e n t  e r r o r  a p p e a r s  t o  b e  o f  t h e  o r d e r  o f  10  t o  15 p e r  
c e n t  f o r  b o i l i n g  h e a t  t r a n s f e r  ( 1 4 , 5 4 ) .  The m a g n i tu d e  o f  t h e  
e x p e r i m e n t a l  e r r o r s  w i l l  b e  d i s c u s s e d  f o r  t h e  h e a t  f l u x  m ea s­
u r e m e n t s ,  t e m p e r a t u r e  m e a s u re m e n ts ,  a n d  t h e  p r e s s u r e  m e a s u r e ­
m e n ts .  E x p e r i m e n t a l  e r r o r s  c a n  b e  i n t r o d u c e d  i n  t h e  h e a t  
f l u x  i n  s e v e r a l  w a y s ,  i n a c c u r a t e  r e a d i n g s  o f  v o l t a g e  and  
a m p e ra g e ,  n e g l e c t  o f  e  id  l o s s e s  f ro m  t h e  h e a t e r ,  i n a c c u r a t e  
h e a t  t r a n s f e r  a r e a s ,  a n d  n e g l e c t  o f  t h e  r e s i s t a n c e  o f  e l e c ­
t r i c a l  l e a d s .  The h e a t  t r a n s f e r  a r e a  u n c e r t a i n t y  an d  t h e  
n e g l e c t  o f  t h e  r e s i s t a n c e  o f  e l e c t r i c a l  l e a d s  i n t r o d u c e  
e r r o r s  w hose m a g n i tu d e  i s  s m a l l  co m pared  t o  t h e  e r r o r s  i n t r o ­
d u c e d  by  o t h e r  f a c t o r s ;  t h e r e f o r e ,  t h e y  c an  b e  s a f e l y  n e g ­
l e c t e d  s i n c e  t h e  r e l a t i v e  e r r o r  f o r  t h e  p r o c e s s  o f  m u l t i p l i c a ­
t i o n  a n d  d i v i s i o n  i s  t h e  sum o f  t h e  r e l a t i v e  e r r o r s  o f  t h e  
f a c t o r s  i n v o l v e d .  The e r r o r  i n t r o d u c e d  b y  n e g l e c t i n g  en d  
e f f e c t s  i s  a p p r o x i m a t e l y  2 p e r  c e n t  f o r  t h e  n u c l e a t e  b o i l i n g
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r e g i o n  an d  l e s s  t h a n  5 p e r  c e n t  f o r  t h e  f i l m  b o i l i n g  r e g i o n  
( s e e  A ppend ix  C ) .  The v o l t a g e  c o u ld  b e  r e a d  a c c u r a t e l y  t o  
± 0 .5  v o l t s  f o r  v o l t a g e s  b e lo w  25  v o l t s  and  ± 2 . 0  v o l t s  f o r  
v o l t a g e s  a b o v e  25 v o l t s .  The am p erag e  c o u ld  b e  r e a d  a c c u ­
r a t e l y  t o  ±  0 .2 5  a m p e r e s .  T h e r e f o r e  t h e  r e l a t i v e  e r r o r  e x ­
p e c t e d  i n  t h e  h e a t  f l u x  i s  t h e  sum o f  t h e  r e l a t i v e  e r r o r s  
fo u n d  i n  t h e  v o l t a g e  an d  am perage  r e a d i n g s .  The e r r o r s  i n t r o ­
d u c e d  a r e  o f  t h e  o r d e r  o f  12 p e r  c e n t  a n d  7 p e r  c e n t  f o r  h e a t  
f l u x e s  o f  2000  an d  65OO B t u  p e r  h r - f t ^ ,  l e s s  t h a n . 4 p e r  c e n t  
f o r  f l u x e s  g r e a t e r  t h a n  1 2 ,0 0 0  i n  t h e  f i l m  b o i l i n g  r e g i o n ,  
and  l e s s  t h a n  3 p e r  c e n t  f o r  f l u x e s  g r e a t e r  t h a n  1 2 ,0 0 0  i n  
t h e  n u c l e a t e  b o i l i n g  r e g i o n .  T h e r e f o r e ,  t h e  r e p o r t e d  h e a t  
f l u x  f o r  th e  n u c l e a t e  b o i l i n g  r e g i o n  i s  e x p e c t e d  t o  v a r y  f ro m  
t h e  c o r r e c t  v a l u e  b y  l e s s  t h a n  5 p e r  c e n t  a t  f l u x e s  e x c e e d i n g  
1 2 ,0 0 0  w h ic h  r e p r e s e n t s  t h e  m a j o r i t y  o f  t h e  d a t a .  The f i l m  
b o i l i n g  h e a t  f l u x  i s  e x p e c t e d  t o  v a r y  f ro m  t h e  c o r r e c t  v a l u e  
l e s s  t h a n  9 p e r  c e n t  a t  f l u x e s  e x c e e d i n g  1 2 ,0 0 0 .
The th e rm o c o u p le  r e a d i n g  c o u ld  b e  r e a d  a c c u r a t e l y  t o
0 .0 0 5  m i l l i v o l t s  b e lo w  v o l t a g e s  o f  15 m i l l i v o l t s  a n d  t o  0 .0 2 5  
m i l l i v o l t s  ab o v e  v o l t a g e s  o f  15 m i l l i v o l t s .  T h e s e  v a l u e s  
c o r r e s p o n d  t o  a  t e m p e r a t u r e  o f  0 .2 5 ° P  a n d  a p p r o x i m a t e l y  1®P 
r e s p e c t i v e l y .  T h e r e f o r e ,  t e m p e r a t u r e s  t a k e n  i n  t h e  f i l m  
b o i l i n g  r e g i o n  a r e  e x p e c t e d  t o  v a r y  f ro m  t h e  c o r r e c t  v a lu e  
l e s s  t h a n  1 p e r  c e n t .  V a lu e s  t a k e n  i n  t h e  n u c l e a t e  b o i l i n g  
r e g i o n  c a n  b e  e x p e c t e d  t o  v a r y  f ro m  t h e  c o r r e c t  v a l u e  25 
p e r  c e n t ,  5 p e r  c e n t ,  2 . 5  p e r  c e n t  an d  1 p e r  c e n t  a t  t e m p e r a ­
t u r e  d i f f e r e n c e s  o f  1 °P ,  5 ° P ,  10°P  an d  25*P  r e s p e c t i v e l y .
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T h ese  d i f f e r e n c e s  a r e  v a r i a t i o n s  f ro m  t h e  a c t u a l  b e h a v i o r  a t  
t h e  p o i n t  o f  t h e  th e rm o c o u p le  j u n c t i o n  a n d  n o t  a t  t h e  s u r f a c e .  
I n  t h i s  i n v e s t i g a t i o n  t h e  v a l u e s  a t  t h e  s u r f a c e  w ere  a ssu m e d  
t o  b e  e q u a l  t o  t h e  v a l u e s  a t  t h e  j u n c t i o n  b e c a u s e  t h e  c o r r e c ­
t i o n  f a c t o r  f o r  s u r f a c e  t e m p e r a t u r e  was l e s s  t h a n  t h e  g r a d i e n t  
a ro u n d  t h e  t u b e  i n  n u c l e a t e  b o i l i n g  a n d  was l e s s  t h a n  1 p e r  
c e n t  f o r  t h e  f i l m  b o i l i n g  r e g i o n .  The t e m p e r a t u r e s  u s e d  w ere  
a v e r a g e  v a l u e s  o f  t h e  3 r e a d i n g s  i n  t h e  f i l m  b o i l i n g  r e g i o n  
s i n c e  t h e  v a r i a t i o n  o f  t h e  3 r e a d i n g s  w as random  a n d  t h i s  
p r o c e d u r e  w ould  i n  no c a s e  i n t r o d u c e  e r r o r s  g r e a t e r  t h a n  5 
p e r  c e n t .  The v a l u e s  o f  t e m p e r a t u r e  m e a su re d  b y  t h e  tw o 
th e r m o c o u p le s  a t  t h e  t o p  o f  t h e  h e a t  t r a n s f e r  e l e m e n t  w e re  
c o n s i d e r e d  t h e  c o r r e c t  v a l u e s  i n  t h e  n u c l e a t e  b o i l i n g  r e g i o n .  
To i n s u r e  c o r r e c t  v a l u e s  o f  t e m p e r a t u r e  w i t h i n  t h e  a c c u r a c y  
o b t a i n a b l e  w i t h  t h e  p o t e n t i o m e t e r  u s e d ,  t h e  t h e r m o c o u p le s  
w ere  c a l i b r a t e d  u s i n g  a  p l a t i n u m  r e s i s t a n c e  th e r m o m e te r  
( s e e  A p p en d ix  D ) .
The p r e s s u r e  c o u ld  b e  r e a d  a c c u r a t e l y  t o  1 p ou nd  p e r  
s q u a r e  i n c h  ( s e e  A p pend ix  E) w h ic h  g i v e s  a c c u r a c i e s  s u p e r i o r  
t o  t h o s e  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e s  a n d  h e a t  f l u x e s .
CHAPTER V I I I  
CONCLUSIONS
1 . The t e m p e r a t u r e  g r a d i e n t  a ro u n d  t h e  c i r c u m f e r e n c e  
o f  c y l i n d r i c a l  h e a t  t r a n s f e r  e l e m e n t s ,  w h ic h  was p r e v i o u s l y  
r e p o r t e d  ( 1 6 , 2 6 ) ,  was n o t e d  I n  t h i s  I n v e s t i g a t i o n  d u r i n g  a l l  
n u c l e a t e  b o i l i n g  r u n s .  The m a g n i tu d e  o f  t h e s e  d i f f e r e n c e s  
d e p e n d s  upon  t h e  d i a m e t e r  o f  t h e  e l e m e n t  a n d  t e m p e r a t u r e  
d i f f e r e n c e .  The m a g n i tu d e  o f  t h e  d i f f e r e n c e  a p p e a r s  t o  b e  
I n d e p e n d e n t  o f  t h e  p r e s s u r e  l e v e l .
2 .  Any g e n e r a l i z e d  c o r r e l a t i o n  o f  n u c l e a t e  b o i l i n g  
an d  c r i t i c a l  h e a t  f l u x  s h o u ld  I n c l u d e  t h e  e f f e c t  o f  s u r f a c e  
an d  g e o m e t r y .
3 .  The c r i t i c a l  h e a t  f l u x  d e p e n d s  on  s u r f a c e  a n d  
g e o m e tr y .
4 .  The t h e o r e t i c a l  e q u a t i o n  ( e q u a t i o n  l 4 )  w h ic h  was 
d e r i v e d  f i t s  t h e  a v a i l a b l e  d a t a  c o v e r i n g  oxy g en  a n d  n i t r o g e n .  
The e q u a t i o n  I s  e x p e c t e d  t o  b e  v a l i d  f o r  m e th a n e ,  c a r b o n  
m o n o x id e ,  a r g o n ,  n i t r o g e n ,  k r y p t o n ,  o x y g e n ,  an d  x e n o n ;  h o w e v e r  
m ore d a t a  a r e  r e q u i r e d  t o  p r o v e  t h i s  c o n t e n t i o n .  The f i n a l  
fo rm  o f  t h e  e q u a t i o n  I s
^ -------------- --- = 2 . 3 ( 1  -  T p)° '**
^ ^ o  a t  P p = 0 .1
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5 .  The f i l m  b o i l i n g  h e a t  f l u x  a t  a  g i v e n  t e m p e r a t u r e  
d i f f e r e n c e  d e c r e a s e s  r a p i d l y  a s  t h e  c r i t i c a l  p r e s s u r e  I s  
a p p r o a c h e d .  T h i s  d e c r e a s e  b eco m es  a p p a r e n t  f o r  n i t r o g e n  a n d  
m e th an e  a t  r e d u c e d  p r e s s u r e s  g r e a t e r  t h a n  0 . 9 .
6 .  B r e e n  a n d  W e s t w a t e r ' s  (6 )  e q u a t i o n  ( e q u a t i o n  12 
I n  t h i s  t e x t )  I s  n o t  a  g e n e r a l  e q u a t i o n  f o r  f i l m  b o i l i n g  p r e ­
d i c t i o n s .  T h e i r  e q u a t i o n  may b e  v a l i d  a t  h i g h  t e m p e r a t u r e  
d i f f e r e n c e s ,  b u t  more d a t a  a r e  n e e d e d  t o  e s t a b l i s h  t h i s  
v a l i d i t y .  I t  a l s o  a p p e a r s  t h a t  t h e  e q u a t i o n  c o u ld  b e  Im p ro v ed  
b y  e l i m i n a t i n g  t h e  t e m p e r a t u r e  d i f f e r e n c e  d e p e n d e n c e ,  w h ic h
I s  a p p a r e n t  I n  t h e  v a l u e  o f  — - —  .
NOMENCLATURE
A = A r e a ,  f t . ^
a  = C o n s t a n t  I n  e q u a t i o n  10
c «= C o n s t a n t  i n  e q u a t i o n  10
Cp = H ea t  c a p a c i t y ,  B . t . u . / l b .  ° F
D = D i a m e te r ,  f t .
E = P o t e n t i a l ,  v o l t s
r  P v ( P l  -  P v ) s L [ l  + (0 .3 4 C p y A T )/L ]2  . 1 /4
^  "  L  U y  A T  - I
g  = A c c e l e r a t i o n  d u e  t o  g r a v i t y
g g  = C o n v e r s io n  f a c t o r  i n  N e w to n 's  law  o f  m o t io n
h  = H e a t  t r a n s f e r  c o e f f i c i e n t ,  B . t . u . / h r .  f t . ^  °P
I  = C u r r e n t ,  amp.
K = T h e rm a l  c o n d u c t i v i t y ,  B . t . u . / h r .  f t .  °P
L «  l a t e n t  h e a t  o f  v a p o r i z a t i o n ,  B . t . u . / l b .
M = M o l e c u l a r  w e i g h t
N = Number o f  p o t e n t i a l l y  a c t i v e  n u c l é a t i o n  s i t e s  
P = P r e s s u r e ,  P . S . I .
Q = R a te  o f  h e a t  t r a n s f e r ,  B . t . u . / h r .
R = U n i v e r s a l  g a s  c o n s t a n t
T = T e m p e r a tu r e ,  ®R
AT = T e m p e r a tu r e  d i f f e r e n c e ,
V = S p e c i f i c  v o lu m e ,  f t ? / i b .
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G reek  S ym bols  
= S u r f a c e  t e n s i o n ,  l b . / f t .
X c  =  2 tt
8 c  ® n l /2
[  8 ( P r ° -  P„) ]g(PL -  Py)
♦ = P a r a c h o r
e = D e g re e  o f  m e t a s t a b l l l t y  d e f i n e d  b y  e q u a t i o n  8a
U = V i s c o s i t y
q> = G e o m e tr ic  f a c t o r  
p = D e n s i t y ,  l b . / f t . 3
S u b s c r i p t s  
c r e f e r s  t o  t h e  c r i t i c a l  p o i n t
V r e f e r s  t o  t h e  v a p o r
L r e f e r s  t o  t h e  l i q u i d
r  r e f e r s  t o  a  r e d u c e d  p r o p e r t y  (T /T ^ ,  e t c . )
vw r e f e r s  t o  a  s u b s t a n c e  w h ic h  b e h a v e s  a s  p r e d i c t e d  b y  -
v a n  d e r  W a a l ' s  e q u a t i o n
bo  r e f e r s  t o  t h e  p o i n t  w here  t h e  c r i t i c a l  h e a t  f l u x  o c c u r s
max r e f e r s  t o  t h e  p o i n t  w here  t h e  c r i t i c a l  h e a t  f l u x  o c c u r s
1 r e f e r s  t o  b o t to m  th e rm o c o u p le
2 r e f e r s  t o  th e r m o c o u p le  6 0 ° f ro m  t h e  t o p  m e a su re d  f ro m
v e r t i c a l
3 r e f e r s  t o  th e r m o c o u p le  - 6 0 ° f ro m  t h e  t o p  m e a su re d  f ro m  
v e r t i c a l
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EXPERIMENTAL DATA
TABLE A - I  NUCLEATE BOILING Ng DATA ON CLEAN GOLD SURFACE
TABLE A - I I  FILM BOILING Ng DATA ON CLEAN GOID SURFACE
TABLE A - I I I  NUCLEATE BOILING CH^ DATA ON CLEAN GOLD SURFACE
TABLE A -IV  FILM BOILING CH^  ^ DATA ON CLEAN GOLD SURFACE
TABLE A-V CONVECTIVE HEAT TRANSFER DATA FOR Np NEAR THE 
CRITICAL POINT
TABLE A-V I CONVECTIVE HEAT TRANSFER DATA FOR CHh NEAR THE
CRITICAL POINT
TABLE A -V II  NUCLEATE BOILING Ng DATA ON COPPER SURFACE
TABLE A - V I I I  FILM BOILING Ng DATA ON COPPER SURFACE
TABLE A -IX  NUCLEATE BOILING Ng DATA ON FOULED GOLD SURFACE
TABLE A-X NUCLEATE BOILING CH^ DATA ON FOULED GOLD SURFACE
TABLE A-XI FILM BOILING CH^ DATA ON FOULED GOLD SURFACE
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TABLE A-I
NUCLEATE BOILING Ng DATA ON CLEAN GOLD SURFACE
Run 1 —  D a te  4 / 2 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139*R 
S a t u r a t i o n  P r e s s u r e  1 4 .5  P . S . I . A .
Q/A ( 1 0 ) " *  2 AT^ AT2 AT3
B . t . u . / h r .  f t . ®P
0 .2 1 1 3 . 9 3 . 9 3 . 9
0 .6 3 4  . 5 . 4 6 . 1 6 . 1
1 .2 9 1 6 . 8 7 . 2 7 . 2
2 .5 4 9 7 . 9 8 . 9 8 . 9
3 .4 5 8 8 . 6 9 .6 9 . 6
3 .5 8 6 8 . 9 9 . 6 9 . 6
3 .7 1 7 9 .1 9 . 9 9 . 9
3 .8 0 4 9 .1 9 . 9 9 . 9
3 .9 7 7 9 .3 9 . 9 9 . 9
4 .1 5 7 9 .7 9 . 9 9 . 9
4 .2 4 4 1 0 .0 1 0 .7 1 0 .7
4 .4 2 8 1 0 .0 1 1 . 4 1 1 .4
4 .5 1 7 B u r n o u t  P o i n t
h













Run 2 —  D a te  4 / 2 6 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139**R 
S a t u r a t i o n  P r e s s u r e  l 4 . 5  P . S . I . A .
Q/A ( 1 0 ) " * ATi AT2 ATo
B . t . u . / h r .  f t . 2 “P ®P ®P
0 .1 7 7 2 . 8 3 . 2 3 . 2
0 .3 1 6 3 .6 4 . 3 4 . 3
1 .9 7 7 6 . 5 7 . 5 7 . 5
3 .0 0 2 7 . 5 8 . 6 8 . 6
3 .9 1 4 8 . 6 1 0 .0 1 0 .0
4 .1 6 5 9 .7 1 0 .7 1 0 .7
4 .3 3 1 B u r n o u t  P o i n t
h  _ 
B . t . u . / h r .  f t . =  ®P
553 
2636 





Run 3 —  D a te  4 / 2 6 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139*R 
S a t u r a t i o n  P r e s s u r e  l 4 . 5  P . S . I . A .
Q/A (10) AT]^  ATg AT3 h
B . t . u . / h r .  f t . ^  °P  °F °F B . t . u . / h r .  f t . ^  ®P
0 .2 4 7  3 . 6  3 . 9  3 . 9  633
1 .2 8 7  6 . 5  7 . 5  7 . 5  1716
2 .3 0 9  7 . 5  9 . 0  9 . 0  2565
3 .1 6 3  8 . 3  1 0 .0  1 0 .0  3163
4 .0 0 6  9 . 7  1 1 .4  1 1 .4  3514
4 .2 2 2  B u r n o u t  P o i n t
Run 4 —  D a te  4 / 2 6 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139°R 
S a t u r a t i o n  P r e s s u r e  1 4 .5  P . S . I . A .
Q/A ( 1 0 ) " ^
B . t . u . / h r .  f t . ^
0 .1 8 4  
1 .8 0 8  
3 .7 5 6
4 .1 3 9  B u r n o u t  P o i n t
AT]^ ATg AT3 h
®P °P P B . t . u . / h r .  f t ® P
2 . 8 3 . 6 3 . 6 511
6 . 1 7 . 9 7 . 9 2288
9 .7 1 0 .7 1 0 .7 3510
Run 5 —  D a te  5 / 1 2 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  l6 6 ° R  
S a t u r a t i o n  P r e s s u r e  64  P . S . I . A .
-4
Q/A (10 )  AT^ ATg AT3 h
B . t . u . / h r .  f t . ^  °P  ®P ®P B . t . u . / h r .  f t . ^
0 .2 0 5  2 . 2  2 . 9  2 . 9  707
0 .9 7 8  3 . 6  4 . 3  4 . 3  2274
2 .4 6 7  4 . 7  5 . 4  5 . 4  4568
3 .4 5 8  5 . 4  6 . 4  6 . 4  5403
4 .4 8 1  6 . 4  8 . 2  8 .2  5464
5 .0 7 8  6 . 8  8 . 6  8 .6  5904




Run 6 — D a te  5 / 1 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  179°R 
S a t u r a t i o n  P r e s s u r e  1X4 P . S . I . A .
Q/A ( 1 0 ) " ^
B . t . u . / h r .  f t . ^  °P  °P  “p '  B . t . u . / h r .  f t . ^  ®P
0 .2 4 0  
2 .3 X 4  
3 .50X
5 .4 4 0  
5 .8 0 3
5 .9 8 2  B u r n o u t  P o i n t
ATi ATg ATo h
" P
1 .3 1 . 7 1 . 7 1412
4 . 0 4 . 7 4 . 7 4923
4 . 7 6 . 0 6 . 0 5835
6 . 0 8 . 0 8 . 0 6800
6 .7 8 . 3 8 . 3 6991
Run 7 —  D a te  5 / 1 0 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  X87°R 
S a t u r a t i o n  P r e s s u r e  X48 P . S . I . A .
Q/A ( 1 0 ) - ^ AT^ ATg AT3 h
B . t . u . / h r .  f t ®P *P °P B . t . u . / h r .
0 .2 0 9 1 .6 1 .6 1 . 6
1 .3 9 8 3 .1 4 . 4 3 . 6
2 .3 7 2 3 . 8 4 . 7 4 . 7
Run 8  — D a te  5 / 1 2 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  l8 7 ° R  
S a t u r a t i o n  P r e s s u r e  l 4 8  P . S . I . A .
Q/A ( 1 0 ) “^ ATn ATg ATo h
B . t . u . / h r .  f t ®P ®P ®P B . t . u . / h r .
0 .1 9 5 1 .6 1 . 9 1 . 9 1026
1 .0 5 9 2 . 5 3 . 1 3 . 1 34X6
2 .4 o 4 3 . 8 4 . 4 4 . 4 5463
3 .8 5 0 4 . 4 5 . 0 5 . 0 7700
4 . 1 1 8 5 . 0 5 . 3 5 . 3 776 9
»F
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TABLE A -I .con!;lniM
Run 9* --  D ata 5 / I 1I
Saturation T as ^ ratura
Saturation IPrassum 214
Q/A (10)“^ 6T 1 ATg A1
B . t . u . / h r .  f t . .2 *F • f •l]
0.220 0 .9 1.4 1.
0.797 1 .6 2 ,4 2.
2 . 3 4 4 2.4 3 . 5 3 .
2 . 6 1 5 2.7 3.5 3 .
2.699 2.7 3.5 3.
2 . 9 0 4 2.7 3 .5 3 .
3.112 3.0 3 .8 3.
3 . 2 8 5 3.0 3 .8 ' 3 .
3 . 5 0 1 3.3 4 .1 4 .
3 .8 0 8 3 . 3 4.1 4.1
3.941 3 . 5 4 . 4 4.1
4 . 2 5 7 3.7 4.7 4.1
4 . 5 3 4 3.8 4.7 4 .
4 . 7 1 5 3.8 4.7 4.
4 . 8 9 6 4.1 5 . 3 5.1
5 . 0 7 8 4.4 5 . 9 5.
5.440 4.4 6 .2 6.1
5.984 5 . 3 7.1 7.1
6 . 1 6 6 7.4 7 . 7 7.'
6 .3 4 7 7.4 .7 . 7 7
6 . 5 2 9 B u rn o u t  P o l r.t '




B .t .u ./h r .  f t .-
0 . 2 6 1
2 .5 3 1
4 . 5 0 0
5 .6 9 3




1 . 6  2 . i  2.1
3.8  4 . 4  4  I
**.1 4 . 7  4 .
5 . 3  6 . 0  6 .
Burnout Feint
*Nota th is  run was intarruptad| 
th is  gava a high c r it ic a l  f l u x .
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TABLE A-I continued
Run 9* — D a te  5 / 1 2 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  198°R 
S a t u r a t i o n  P r e s s u r e  2 l 4  P . S . I . A .
Q/A (1 0 ) " * ATn ATg ATo
B . t . u . / h r .  f t . 2 ®P ®P ®P
o'. 220 0 . 9 1 .4 1 . 4
0 .7 9 7 1 .6 2 . 4 2 . 4
2 .3 4 4 2 . 4 3 .5 3 . 5
2 .6 1 5 2 . 7 3 . 5 3 . 5
2 .6 9 9 2 . 7 3 . 5 3 . 5
2 .9 0 4 2 . 7 3 .5 3 . 5
3 .1 1 2 3 . 0 3 . 8 3 . 8
3 .2 8 5 3 . 0 3 . 8 3 . 8
3 .5 0 1 3 . 3 4 . 1 4 . 1
3 .8 0 8 3 .3 4 . 1 4 . 1
3 .9 4 1 3 . 5 4 . 4 4 . 4
4 .2 5 7 3 .7 . 4 . 7 4 . 7
4 .5 3 4 3 . 8 4 . 7 4 . 7
4 .7 1 5 3 . 8 4 . 7 4 . 7
4 .8 9 6 4 . 1 5 . 3 5 . 3
5 .0 7 8 4 . 4 5 . 9 5 . 9
5 .4 4 0 4 . 4 6 .2 6 .2
5 .9 8 4 5 . 3 7 . 1 7 . 1
6 .1 6 6 7 . 4 7 . 7 7 . 7
6 .3 4 7 7 . 4 7 . 7 7 . 7
6 .5 2 9 B u rn o u t  P o i n t



















Run 10 —  D a te  5 / 1 1 / 8 4  
S a t u r a t i o n  T e m p e r a tu r e  198°R  
S a t u r a t i o n  P r e s s u r e  2 l 4  P . S . I . A .
Q/A ( 1 0 ) “* ATi ATg ATg h
B . t . u . / h r .  f t . ^ ®P ®P ®p B . t . u . / h r .  f t
0 .2 6 1 1 . 6 2 . 1 2 . 1 1243
2 .5 3 1 3 . 8 4 . 4 4 . 4 5752
4 .5 0 0 4 . 1 4 . 7 4 . 7 9574
5 .6 9 3 5 . 3 6 . 0 6 . 0 9488
5 .9 7 8 B u rn o u t  P o i n t
°P
•N o te  t h i s  r u n  was i n t e r r u p t e d  a n d  s t a r t e d  a t  30  v o l t s  
t h i s  g a v e  a  h i g h  c r i t i c a l  f l u x .
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TABLE A-I continued
Run 11 — D a te  5 / 1 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  209®R. 
S a t u r a t i o n  P r e s s u r e  2 99  P . S . I . A .
Q/A ( 1 0 ) " ^ AT^ ATg AT:.
B . t . u . / h r .  f t . ^ “P . ®P °P
0 .2 3 4 1 .4 1 . 7 1 .7
1 .3 9 8 1 .7 2 . 6 2 . 6
2 .4 3 5 2 . 0 2 . 9 2 . 9
2 .9 9 4 2 . 0 2 . 9 2 . 9
3 .2 0 5 2 . 3 3 . 1 3 .1
3 .4 1 6 2 . 4 3 . 4 3 . 4
3 .5 8 7 2 . 4 3 . 5 3 .5
3 .8 4 7 2 . 9 4 . 0 4 . 0
4 .1 9 3 3 . 4 4 . 6 4 . 6
4 .3 2 3 4 . 0 5 . 1 5 . 1
4 .5 5 1 5 .1 6 . 3 5 . 7
4 .7 2 6 B u r n o u t  P o i n t












Run 12 —  D a te  5 / 2 1 / 6 4  
S a t u r a t i o n  T e m p e ra tu r e  219*R 
S a t u r a t i o n  P r e s s u r e  389  P . S . I . A .
Q/A ( 1 0 ) " ^ AT^ ATg AT3
B . t . u . / h r .  f t . ^ °P ®P °P
0 .2 6 1 0 . 8 1 . 1  1 .1
1 .4 3 4 1 . 4 1 . 7  1 .7
2 .4 4 4 1 . 9 2 . 5  2 . 5
3 .0 0 2 2 . 5 3 . 5  3 .5
3 .1 2 2 B u r n o u t  P o i n t
h





Run 13 — D a te  6 / 1 3 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  219°R  
S a t u r a t i o n  P r e s s u r e  387  P . S . I . A .
Q/A ( 1 0 ) " ^ ATn ATg
B . t . u . / h r .  f t . ^ °P  ®P
1 .3 4 7 0 .0 5  1 . 4
2 .2 4 9 0 . 0 8  2 . 2
3 .0 2 6 B u r n o u t  :
AT-





Run 14 — D a te  6 / 1 3 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  219°R  
S a t u r a t i o n  P r e s s u r e  39 8  P . S . I . A .
Q/A (1 0 ) ATi ATg AT3 ^  2B . t . u . / h r .  f t °P °P ®P B . t . u . / h r .  f t .  P
1 .4 8 0 1 . 1 2 . 2 6727
1 .9 6 3 1 . 4 2 . 8 — — — 70 1 0
2 .3 6 2 1 . 7 3 . 6 —  — — 6561
B u r n o u t  P o i n t
Run 15 — D a te  5 / 1 0 / 6 4
S a t u r a t i o n  T e m p e r a tu r e  223°R  
S a t u r a t i o n  P r e s s u r e  442 P . S . I . A .
- 4
Q/A (1 0 )
B . t . u . / h r .  f t . 2 ®F B . t . u . / h r .  f t . ^  °P
AT-, ATp ATo
®P P °P
0 . 5 0 . 5 0 . 5
0 .7 5 0 .7 5 0 .7 5
1 . 0 1 . 0 1 . 0
0 .2 1 9  0 . 5  0 . 5  0 . 5  4380
0 .3 2 9  0 .7 5  .   Ü386
0 .4 0 6  1 . 0  1 . 0  1 . 0  408 0
0 .4 7 4  B u r n o u t  P o i n t
Run 16  — D a te  5 / 2 1 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  223*R 
S a t u r a t i o n  P r e s s u r e  442 P . S . I . A .
Q/A ( 1 0 ) " ^ ATi ATg AT3
B . t . u . / h r .  f t . ' ^ ®P ®P ®P
0 .2 6 1 0 .6 5 0 .6 5  0 ;6 5
0 .4 1 2 1 . 1 1 . 1  1 .1
0 .4 7 4 1 . 1 1 .1  1 . 1
0 .4 9 7 B u rn o u t  P o i n t
h






FILM BOILING Ng DATA ON CLEAN GOLD SURFACE
Run 17 — D a te  4 / 2 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139*R 
S a t u r a t i o n  P r e s s u r e  l 4 . 5  P . S . I . A .
Q/A ( 1 0 ) " ^  „  ATi AT2 AT3 h  «
B . t . u . / h r .  f t . ^  F F F B . t . u . / h r .  f t .
1 .5 0 2  365 3 6 4  363 4 1 .3
2 .2 7 7  584  5 84  581 3 9 .1
0 .9 6 6  252  252  251  3 8 .3
o .
Run l 8  — D a te  4 / 2 6 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  129°R 
S a t u r a t i o n  P r e s s u r e  l 4 . 5  P . S . I . A .
Q/A ( 1 0 ) “^ AT^ ATg ATo h
B . t . u . / h r ,  f t . ^ °P ®P °F B . t . u . / h r .  f t . ^  ®P
0 .8 8 6 203 201 * ■ 200 4 4 .1
0 .4 8 5 89 8 9 89 5 4 .5
1 .6 0 8 359 35 9 356 4 5 .0
3 .2 7 0 884 880 878 3 7 .1
Run 19  ■— D a te 4 / 2 6 / 6 4
S a t u r a t i o n  T e m p e r a tu r e  1 39  R
S a t u r a t i o n  P r e s s u r e 1 4 .5  P . S . I . A .
Q/A ( 1 0 ) ”^ ATi AT2 f 3 h  p
B . t . u . / h r .  • f t . F ®F F B . t . u . / h r .  f t . ^  ®F
0 .7 2 7 5 168 167 167 4 3 .6
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t a b l e A-II continued
D a te  5 / 2 1 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  179**R 
S a t u r a t i o n  P r e s s u r e  l l 4  P . S . I . A .
Q/A ( 1 0 ) - ^  




®P B . t .
h
u . / h r .  f t . ^  ®P
1 .8 3 3 210 210 210 8 7 .3
1 .6 3 4 154 154 154 1 0 6 .1
Run 2 0  — D a te  5 / 1 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  l 8 4  R
S a t u r a t i o n  P r e s s u r e 148  P . S . I . A .
-A
Q/A (10) LTi AT2 AT3 h
B . t . u . / h r .  f t . °P °P  B . t . u . / h r .  f t . ^  ®P
1 .9 6 1 218 217 2 1 9 9 0 .0
1 .6 0 8 143 143 143 1 1 2 .4
2 .1 1 5 275 274 275 7 6 . 9
Run 21  — D a te  5 / 1 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  ig8* R  
S a t u r a t i o n  P r e s s u r e  2 1 4  P . S . I . A .
Q/A ( 1 0 ) " ^ LTi AT2 AT3 h
B . t . u . / h r .  f t . °P ®P P B . t . u . / h r .  f t
2 . 4 4 6 338 336 338 7 2 .5
1 .9 9 0 238 237 23 8 8 3 .6
1 .5 7 6 145 144 145 1 0 8 .7




Run 22 —  D a te  5 / 1 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  209°R  
S a t u r a t i o n  P r e s s u r e  2 9 9  P . S . I . A .
Q/A ( 1 0 ) “^  ATi ATg AT3 h







1 .0 4 0   54  54  1 9 2 .6
1 .8 9 3  232  233  23 4  8 1 .2
2 .4 4 6   324  3 2 6  7 5 .5
2 .6 9 1  363  366  367  7 3 .7
Run 23  —  D a te  5 / 2 1 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  219*R 
S a t u r a t i o n  P r e s s u r e  389  P . S . I . A .
Q/A ( 1 0 ) " ^ ATi AT2 AT3 h
B . t . u . / h r .  f t . ^ °P ®P ®P B . t . u . / h r .  f t
3 .1 1 0  . 410 407 411 7 6 .2
2 .3 8 5 314 312 315 7 6 .2
1 .8 3 4 227 225 227 8 1 .2
1 .4 7 2 171 171 172 8 6 .1
1 .1 8 1 126 126 126 9 3 .7
0 .9 2 8 81 81 81 1 1 4 .6
Run 24  —  D a te  5 / 1 0 / 6 4  
S a t u r a t i o n  T e m p e ra tu r e  223®R 
S a t u r a t i o n  P r e s s u r e  442 P . S . I . A .
- 4
Q/A (1 0 )  ATi ATg ATg h
B . t . u . / h r .  f t . ^  ®P ®P ®p B . t . u . / h r .  f t . ^  °
0 .5 0 2  174  174  174  2 8 . 8
1 .6 1 6  . 495  49 4  497  3 2 .6
1 .1 8 1  392  391  393 3 0 .1
1 .8 1 5  587  583  5 8 9  6 3 .0
0 .7 0 2  257  256  25 8  2 7 .3




NUCLEATE BOILING C %  DATA ON CLEAN GOLD SURFACE 
Run 25  — D a te  6 / 1 7 / 6 4
S a t u r a t i o n  T e m p e r a tu r e  260°H  
S a t u r a t i o n  P r e s s u r e  1X4 P . S . I . A .
Q/A ( 1 0 ) - ^ ATi ATg AT3 h
°F ' ’f °P B . t . u . / h r .  f t
1 0 .0 1 0 .5 1 0 .5 1326
1 2 .2 1 3 .0 1 3 .0 1480
1 4 .6 1 6 .2 1 6 .2 1384
1 5 -6 1 8 .5 1 8 .5 1379
1 9 -0 2 0 .0 2 0 . 0 1434
B . t . u . / h r .  f t . “  ®P  . ^  °F
1 .3 9 2  
1 .9 2 4  
2 .2 4 2
2 .5 4 9  
2.868
Run 26  —  D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  286°R  
S a t u r a t i o n  P r e s s u r e  2 l 4  P . S . I . A .
Q/A ( 1 0 ) " ^  
B . t . u . / h r .  f t .
1 .3 5 7
1 .9 1 1
2.262
2 .3 4 4
2 .4 5 7
ATi ATg AT^ h
°F °F '^F B . t . u . / h r .  f t
6 . 9 8 .2 8 .2 1654
1 1 .7 1 2 -6 1 2 .6 1517
1 3 -4 1 4 .1 1 3 .9 1627
1 4 .5 1 5 .2 1 5 .2 1542
1 5 -2 1 5 .7 1 5 -6 1575
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TABLE A-III continued
Run 27 — D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  303°R  
S a t u r a t i o n  P r e s s u r e  314 P . S . I . A .
Q/A ( 1 0 ) " ^ ATn ATg AT3
B . t . u . / h r .  f t . 2 °F °P °P
1 .3 0 7 6 .5 7 . 2 7 . 2
1 .6 3 2 8 . 7 9 .3 9 .3
2 .0 3 0 1 0 .4 1 1 .1 1 1 .3
2 .2 7 7 1 1 .5 1 2 .2 1 2 .2
2 .5 9 4 1 2 .8 l 4 . 4 l 4 . 4
3 .1 7 4 1 5 .8 1 6 .5 1 6 .5
3 .6 1 9 1 8 .0 1 8 .7 1 8 .7
3 .8 0 4 1 8 .7 1 9 .5 1 9 .5
3 .8 9 7 2 0 . 0 2 0 .4 2 0 .4
4 .2 2 3 2 1 .5 2 2 .1 2 2 .0
h











Run 28  — D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  317°R  
S a t u r a t i o n  P r e s s u r e  4 l 4  P . S . I . A .
Q/A (10) ATj ATg ' ATo h
B . t . u . / h r .  f t . ^ °P °P °P B . t . u . / h r .  f t
1 .2 9 0 6 . 9 7 . 1 7 . 1 1806
1 .6 3 8 8 . 3 9 . 0 9 .0 1830
2 .1 0 9 1 0 .2 1 0 .9 1 0 .9 1935
2 .6 8 8 1 2 .1 1 3 .1 1 3 .1 2052
3 .2 8 4 1 4 .5 1 5 .9 1 5 .9 206 5
3 .8 3 8 1 7 .6 1 9 .0 1 9 .0 2 0 2 0
3 .9 7 7 1 8 .6 1 9 .5 1 9 .5 2 0 3 9
Run 29  —  D a te  6 / 1 7 / 6 4
S a t u r a t i o n  T e m p e ra tu r e  260*R 
S a t u r a t i o n  P r e s s u r e  l l 4  P . S . I . A .
Q/A ( 1 0 ) " ^ ATi ATg ATo
B . t . u . / h r .  f t *P °P "P
1 .4 3 4 1 0 .6 1 1 .5
1 .8 4 5 1 1 .3 1 2 .2 — — —
2 .4 0 4 1 5 .2 1 9 .0 — — —
h






Run 30 — D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  328°R 
S a t u r a t i o n  P r e s s u r e  514 P . S . I . A .
Q/A ( 1 0 ) " ^ AT. ATg AT^ h
B . t . u . / h r .  f t °P ®F ®F B . t . u . / h r .  f t
1 .1 8 1 6 . 2 6 . 8 6 . 9 1736
1 .8 1 3 8 . 8 9 .5 9 .6 1908
2 .3 5 8 1 0 .8 1 2 .0 1 2 .0 1965
3 .0 7 0 1 3 .5 1 4 .5 1 4 .5 2117









Run 31 — D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  212°R  
S a t u r a t i o n  P r e s s u r e  24  P . S . I . A .
AT^ ATg AT3 h
B . t . u . / h r ,  f t ®P P ®P ‘ B . t . u . / h r .  f t . 2
1 .6 7 9 584 585 ----- 2 8 .5
1 .7 7 3 76 4 768 2 3 . 4
Run 32 — D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  260*R 
S a t u r a t i o n  P r e s s u r e  114 P . S . I . A .
Q/A ( 1 0 ) “^ ATo AT3 h-
B . t . u . / h r .  f t , ®P °P  B . t . u . / h r . .  f t .
1 .6 1 9 361 362 4 4 . 7
2 .1 7 8 620 621 ----- 3 5 .1
2 .7 9 6 795 802 —  35 • 0
1 .8 6 4 565 574 3 2 .7
Run 33 — D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  286°R  
S a t u r a t i o n  P r e s s u r e  2 l 4  P . S . I . A .
Q/A ( 1 0 ) " * AT. AT2 ATo
B . t . u . / h r .  f t . ^ °P ®P ®P
4 .8 7 5 875 885
3 .9 8 1 78 4 794
2 .8 3 4 607 613 — — —
2 .3 2 0 510 514 — —  —
1 .6 9 9 394 397 — — —
h
B . t . u . / h r .  f t . 2 °F
5 5 . 4
4 5 . 1
4 2 . 9
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tab le A-IV continued
Run 34  — D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e ra tu re  303*R 
S a t u r a t i o n  P r e s s u r e  314 P . S . I . A .
Q/A ( 1 0 ) - 4 ATjl ATg ATo
B . t . u . / h r .  f t . 2 °P °P ' P
5 .3 9 8 801 805
3 .9 8 7 662 667 — — —
3 .2 3 4 591 597 — — —
1 .6 5 1 293 295 — — —
h
B . t . u . / h r .  f t . 2 ®]
6 7 .2  
60.0
5 4 . 4
5 6 .2
Run 35 —  D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e ra tu re  3 0 3 ° R 
S a t u r a t i o n  P r e s s u r e  314 P . S . I . A .
-4
Q/A (10)
B . t . u . / h r .  f t . 2 ° p  °F  °p"^ B . t . u . / h r .  f t .^  °P
5 .3 4 5  
4 .0 9 1
2 .5 6 8  
1 .6 5 1
ATg^ ATg AT3 h
P P P
701 704 7 6 .1
579 582 — — — 7 0 .7
452 454 — — — 5 6 .7
273 274 — — — 6 0 . 4
Run 36  —  D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e ra tu r e  317**R 
S a t u r a t i o n  P r e s s u r e  4 l 4  P . S . I . A .
Q/A (10) ATg ATo
B . t . u . / h r .  f t . ^ °P °P °P
5 .3 3 1 704 707
3 .9 8 5 572 577 — — —
2 .6 9 1 435 438 — — —
1 .5 8 5 274 275 — — —







Run 37 —  D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  328®R 
S a t u r a t i o n  P r e s s u r e  514  P . S . I . A .
_4
Q/A (1 0 )  ^Tg AT3 h
B . t . u . / h r .  f t . 2 ° p  ®p B . t . u . / h r .  f t . ^
6 .0 5 4  732  7 3 9  - - -  8 2 .3
4 .9 9 3  662  667  —  7 5 .2
3 .4 1 6  516  518  —  6 6 .1
2 .1 8 4  368  369  —  5 9 .3
1 .6 7 6  2 9 9  300  —  5 5 .9
®P
Run 38  —  D a te  6 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  339*R 
S a t u r a t i o n  P r e s s u r e  6 l 4  P . S . I . A .
Q/A (10 ) ATjl ATg ATo
B . t . u . / h r .  f t . ^ ®p °F
5 .9 3 8 844 850
4 .0 4 9 634 635 — "  "
2 .8 1 3 472 472 —— —
2 .3 3 2 400 402 mm mm mm
1 .7 8 8 320 321 — — —
1 .6 4 5 304 305 — — —
h






5 3 . 9
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TABLE A-V
CONVECTIVE HEAT TRANSFER DATA Ng NEAR THE CRITICAL POINT
♦Run 39  —  D a te  7 /5 /§ '4  
B u lk  T e m p e r a tu r e  227  R 
P r e s s u r e  492 P . S . I . A .
Q/A ( 1 0 ) " ^  








B . t . u . / h r .  f t .
1 .7 0 8
2 .1 8 7










1 0 4 .1  
85  *.8
Run 40 —  D a te  7 / 5 / 6 4  
B u lk  T e m p e ra tu r e  227*R 
P r e s s u r e  5 l 4  P . S . I . A .
-
Q/A ( 1 0 ) " ^  








B . t . u . / h r .  f t .
2 . 7 5 7
2 .2 2 2
1 .8 9 6













1 0 3 .8
1 1 7 .0
1 2 2 .6
2 “F
2 «F
Run 4 l  —  D a te  7 / 5 / 6 4  
B u lk  T e m p e r a tu r e  227*R 
P r e s s u r e  6 l 4  P . S . I . A .
%/A ( 1 0 ) - 4
0 ATi ATg AT3 h
B . t . u . / h r .  f t . °P Op *P B . t . u . / h r .  f t .
1 .7 0 0 136 133 135 1 2 5 .9
2 .3 9 1 226 221 225 1 0 6 .7
2 .9 6 9 310 303 30 8 9 6 .7
3 .3 7 4 377 370 372 9 0 .5
2 »F
♦ N o te ;  T e m p e r a tu r e  was f l u c t u a t i n g  b a d l y  a n d  t h e s e  a r e  
a v e r a g e  r e a d i n g s .
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TABLE A-V continued
Run 42 —  D a te  7 / 5 / 6 4  
B u lk  t e m p e r a t u r e  227*R
P r e s s u r e 7 1 9  P . S . I . A .
Q/A ( 1 0 ) " ^ AT, ATg AT3
B . t . u . / h r .  f t . °P °P °P
1 .6 9 9 134 132 134
2 .8 0 1 2 6 8 265 2 6 8
3 .3 4 0 347 344 348
2 .3 6 2 211 210 2 1 0
Run 43 —  D a te  7 / 5 / 6 4
h
B . t . u . / h r .  f t . 2 *F
1 2 7 .7
1 0 4 .9
9 6 .5
1 1 2 .5
- 4
Q/A (10 )
B u lk  t e m p e r a t u r e  227°R  
P r e s s u r e  8 l 4  P . S . I . A .
AT, ATg AT:, h
B . t . u . / h r .  f t . ^ P “P °P B . t . u . / h r .  f t .
1 .6 6 8 142 138 142 1 1 8 .3
2 .4 2 4 233 2 2 9 23 3 1 0 4 .5
2 .8 5 6 295 2 8 9 2 9 2 9 7 . 8
3 .3 7 4 374 372 372 9 0 .5
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TABLE A-VI
CONVECTIVE HEAT TRANSFER'DATA FOR C %  NEAR THE CRITICAL POINT
Run 44  —  D a te  7 / 7 / 6 4  
B u lk  T e m p e r a tu r e  344®R
P r e s s u r e 714 P . S . I . A .
Q/A (1 0 ) " * ATi ATg ATo h
B . t . u . / h r .  f t . ^ *F *F *F B . t . u . / h r .  f t .
2 .6 8 8 2 3 8 .5 234 236 1 1 3 .9
2 .0 7 9 162 160 162 1 2 9 .1
1 .7 3 1 107 106 107 1 6 1 .8
2 .3 3 1 189 186 188 1 2 4 .5
Q/A ( 1 0 ) ”^  
B . t . u . / h r .  f t . ^
2 .6 1 5
2 .2 7 1
2 .0 4 8
1 .7 4 2
Run 45  —  D a te  7 / 7 / 6 4  
B u lk  T e m p e r a tu r e  344* R
P r e s s u r e 76 4 P . S . I . A .
- 4
Q/A (10 ) ATi AT2 AT] h
B . t . u . / h r .  f t . ^ *F *F *F B . t . u . / h r .  f t
2 .4 6 7 185 182 183 1 3 4 .8
2 .1 4 6 151 146 149 1 4 4 .0
1 .8 3 3 121 118 120 1 5 4 .0
Run 46  —  D a te  7 / 7 / 6 4  
B u lk  T e m p e r a tu r e  34 4 * R 
P r e s s u r e  8 l 4  P . S . I . A .
ATi ATg AT] h
*F *F *F B . t . u . / h r .  f t .
1 9 3 .3 188 191 1 3 6 .9
1 6 3 .1 158 162 1 4 1 .0
1 3 9 .2 136 137 1 4 9 .5
110 108 110 1 5 9 .8
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TABLE A-VI continued
Run 47  —  D a te  7 / 7 / 6 4  
B u lk  T e m p e r a tu r e  344®H 
P r e s s u r e  864  P . S . I . A .  '
Q/A ( 1 0 ) " ^ ATi ATg AT3
t . u . / h r .  f t . ^ ®F ®P ®P
2 .4 3 5 178 173 175
2 .2 4 0 157 153 156
2 .1 1 0 148 144 147
1 .7 4 2 110 106 108
h
B . t . u . / h r .  f t . 2 °p
1 3 9 .1
1 4 4 .5
1 4 4 .5  
1 6 1 .3
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TABLE A-VII
NUCLEATE BOILING Ng DATA ON A COPPER SURFACE
Run 48  — D a te  5 / 1 0 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139°R 
S a t u r a t i o n  P r e s s u r e  l 4 . 2  P . S . I . A .
Q/A ( 1 0 ) " *  ATi ATg AT3 h
B . t . u . / h r .  f t . 2 °F  °P °F  B . t . u . / h r .  f t . ^  °F
0 .2 0 9  ——— 9»0 ———
0 . 3  90  —  — 1 3 .5  — -
0 .7 8 3  ——— 1 8 .9  —
1 .8 5 1  ——— 2 7 .0  ———
3 .4 4 0  ——— 37*8 — —
3 . 9 8 0  — — —  3 7 . 8  — — —
4 .1 8 4  —  3 8 .7
4  «370 ——— 3 9 .8  ———
4 .5 9 8  B u rn o u t  P o i n t
Run 4 9  — D a te  5 / 1 0 / 6 4  
S a t u r a t i o n  T e m p e ra tu r e  139°R 
S a t u r a t i o n  P ressu rée  *14.2 P . S . I . A .
- 4
Q/A (10) AT^ ATg AT3 h
B . t . u . / h r .  f t . 2 ®F °F °F B . t . u . / h r .  f t . 2 ° p
0 .2 5 9  ——— 7 « G ———
0 . 6 4 3  —  8.0  — — —
1 .3 8 5  —  1 8 .0
1 .6 9 0  ——— 2 6 . 9  ———
2 .2 0 9  —  2 8 .0
2 .4 4 0    2 8 .4  -----
4 .0 6 0    2 8 .5
4 . 406 ——— 2 8 .6  ———
4 .5 0 0  B u m o u t  P o i n t
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TABLE A-VII continued
Run 50 —  D a te  5 / 1 0 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139°R 
S a t u r a t i o n  P r e s s u r e  l 4 . 2  P . S . I . A .
- 4
. Q/A (1 0 )  ATi ATg AT3 h
B . t . u . / h r .  f t . 2 ®p ®F B . t . u . / h r .  f t . '
0 . 2 2 5  ——— 3*9  ———
0 . 5 5 1  —  8 .6
1 . 8 3 8  ——— I T •3 ———
5 . 3 4  —  3 3 . 3




FILM BOILING Ng DATA ON A COPPER SURFACE
Run 51 —  D a te  5 / 1 0 / 6 4  
S a t u r a t i o n  T e m p e ra tu r e  139*R 
S a t u r a t i o n  P r e s s u r e  l 4 . 2  P . S . I . A .
Q/A ( 1 0 ) ’ ^  ATi AT2 A?3 h
B . t . u . / h r .  f t . 2 ®p ®p B . t . u . / h r .  f t .  ®]
0 . 6 5 9  ——— 152  — —
1 . 5 9 4  —  283
2 . 2 3 1  —  464  -----
3 . 0 0 0  ——— 7 0 4  ———
3 . 5 5 0  — -  1009
4 . 4 7 0  ——— 76  ———
Run 52 —  D a te  5/10/64  
S a t u r a t i o n  T e m p e r a tu r e  139°R 
S a t u r a t i o n  P r e s s u r e  14.2 P . S . I . A .
Q/A (10)"^ ATg AT3  h
B . t . u . / h r .  f t . 2 ®p ®p ®p B . t . u . / h r .  f t . '
0 . 6 3 1  ——— 124 ———
1 . 0 9 0  ———. 2 5 0  ———
1 . 5 6 6  ——— 376  —
1 . 8 5 4  ——— 402 ———
Run 53 —  D a te  5 / 1 0 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  139*R 
S a t u r a t i o n  P r e s s u r e  l 4 . 2  P . S . I . A .
- 4
Q/A (10) AT^ AT2 AT3  h
B . t . u . / h r .  f t . 2 ®F ®F ®P B . t . u . / h r .  f t .
2 . 1 9 0  —  458  —
2 . 2 3 8  ——— 5 6 4  ———
2 .4 6 0  ——— 6 1 9  ———
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TABLE A-IX
NUCLEATE BOILING Ng DATA ON FOULED GOLD SURFACE
Run 54  — D a te  7 / 5 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  219°R 
S a t u r a t i o n  P r e s s u r e  3 8 9  P . S . I . A .
Q/A ( 1 0 ) “^  AT^ ATg AT3 h
B . t . u . / h r .  f t . 2 ®F ®F ®F B . t . u . / h r .  f t . ^  °P
1 . 4 7 6  4 . 7  4 . 7  4 . 7  3140
1 . 7 2 7  6 . 1  6 . 4  6 . 4  2698
2 . 7 4 1  6 . 4  6 . 7  6 . 7  4091
3 . 0 6 9  6 . 9  7 . 5  7 . 5  4092
. 3 .2 4 2  7 . 1  7 . 8  7 . 8  4156
3 . 4 5 7  7 . 4  7 . 8  7 . 8  4576
3 . 6 7 6  7 . 8  8 . 1  8 . 1  4538
3 . 8 0 8  B u m o u t  P o i n t
97
TABLE A-X
NUCLEATE BOILING C %  DATA ON FOULED GOLD SURFACE
Run 55 —  D a te  7 / 1 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  212®R 
S a t u r a t i o n  P r e s s u r e  24  P . S . I . A .
Q/A ( 1 0 ) " ^  ATg AT3 h
B . t . u . / h r .  f t . 2 °P  °F  °F  B . t . u . / h r .  f t . ^  °
0 .2 4 7  5 . 2  5 . 2  5 . 2  475
0 . 5 6 9  8 . 4  8 . 8  8 . 8  6465
2 .4 1 2  1 3 . 1  1 3 .2  1 3 . 2  1827
4 . 0 6 3  1 5 . 0  1 5 . 2  1 5 . 2  2673
4 . 2 1 6  1 5 . 2  1 5 . 5  1 5 . 5  2720
4 .4 1 2  1 5 . 5  1 5 . 8  1 5 . 8  2792
4 . 7 0 6  1 5 . 5  1 5 . 8  1 5 . 8  2978
F
Run 56  —  D a te  7 / 1 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  212°R  
S a t u r a t i o n  P r e s s u r e  24  P . S . I . A .
Q/A (10)"* ATi ATg AT3 h
°F *F ®F B . t . u . / h r .  f t
1 5 . 0 1 5 . 5 1 5 . 5 2285
1 6 . 9 1 7 . 5 1 7 . 5 2651
1 7 . 9 1 8 .5 1 8 . 5 3077
1 8 .4 1 8 . 8 1 8 . 8 3266
B . t . u . / h r .  f t . 2  ®   . . . .  . 2 °
3 . 5 4 2  
4 . 6 3 9
5 .6 9 2  




Run 57 — D a te  7 / 3 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  334°R 
S a t u r a t i o n  P r e s s u r e  564  P . S . I . A .
Q/A ( 1 0 ) ’ ^ AT, ATg ATo
B . t . u . / h r .  f t . 2 °P °F °F
1 .4 9 7 11 1 1 .8 1 1 .8
3 .8 5 1 1 6 . 3 1 7 .3 1 7 . 3
4 . 6 9 2 1 8 . 3 1 9 .5 1 9 .5
5 . 8 1 8 1 8 . 7 2 0 . 3 2 0 . 3
7 . 6 7 6 2 0 . 7 2 2 .7 2 2 . 7
7 . 8 6 5 2 2 .7 2 3 . 5 2 3 . 5
8 . 0 5 9 2 4 .2 2 4 .7 2 4 .7
8 . 4 4 3 2 5 . 0 2 6 . 0 2 6 . 0
8 . 6 3 6 2 6 . 2 2 7 . 0 2 7 . 0
8 . 8 2 7 2 6 . 5 2 7 . 5 2 7 . 5
9 .2 1 1 2 7 . 5 2 7 .7 2 7 . 7
9 .5 9 5 2 8 . 0 2 8 . 5 2 8 . 5
1 0 .0 8 8 2 8 . 5 2 9 . 0 2 9 . 0
1 0 .2 8 2 2 9 . 0 2 9 . 3 2 9 . 3
1 0 .4 7 6 B u m o u t  P o i n t
h















Run 58  — D a te  7 / 3 / 6 4  
S a t u r a t i o n  T e m p e ra tu re  310°R  
S a t u r a t i o n  P r e s s u r e  364  P . S . I . A .
Q/A ( 1 0 ) " ^ ATn ATg AT3 h
B . t . u . / h r .  f t . 2 °F *F °F B . t . u . / h r .  f t
1 .7 6 6 1 7 . 4 1 8 . 0 1 8 . 0 981
4 . 2 1 7 3 1 . 1 3 3 . 5 3 3 .5 1259
5 . 3 1 3 3 9 .0 4 0 .5 4 0 .5 1312
7 . 5 9 1 4 5 . 0 4 6 .3 4 6 .3 l6 4 0
9 .4 8 9 5 2 . 5 5 3 .0 5 3 . 0 1790
1 0 .4 7 6 5 5 . 7 5 6 . 3 5 6 . 3 i 860
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TABLE A-X continued
Run 5 9  —  D a te  7 / 3 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  272®R 
S a t u r a t i o n  P r e s s u r e  l 6 4  P . S . I . A .
Q/A (10)"^ ATl ATg ATo h
B . t . u . / h r .  f t . 2 °P °P °P B . t . u . / h r .  f t
1.797 1 7 . 9 1 8 . 8 1 8 . 8 965
2.309 1 9 . 4 2 0 . 2 2 0 . 2 1130
2.863 2 1 . 7 21.8 21 .8 1310
3.414 2 3 . 1 2 3 . 2 2 3 . 2 1470
3.938 24.5 24.8 24 .8 1590
3 . 4 5 8 22.4 2 2 . 5 2 2 . 5 1540
2 . 9 1 5 20.1 2 0 . 5 . 2 0 . 5 1420
2.404 1 8 .3 1 8 . 5 1 8 . 5 1300
1.797 1 5 .3 1 5 .5 1 5 . 5 1150
Run 6 0  —  D a te  7 / 3 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  272®R 
S a t u r a t i o n  P r e s s u r e  l 6 4  P . S . I . A .
Q/A (10)"^ 
B . t . u . / h r .  f t . ^
1.502
2 .4 0 4
3 .9 3 8
3 .4 1 6
3 .9 3 8
3 .4 1 6  
2 .9 1 5
2 .4 0 4  
1 .7 9 7
ATi ATg AT3 h
°F °P °P B . t . u . / h r .  f t
2 1 . 5 22.2 22.2 680
2 3 . 1 2 3 . 2 2 3 . 2 1020
2 2 . 9 2 3 . 4 2 3 . 4 1680
24.8 2 5 . 2 2 5 . 2 1360
2 6 . 8 2 7 . 1 2 7 . 1 1430
2 3 . 4 23.1 2 3 . 1 1470
2 1 . 7 2 1 . 7 2 1 . 7 1330
1 9 . 0 1 9 . 0 1 9 . 0 1270
1 5 .5 1 5 .5 1 5 . 5 1180
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TABLE A-X continued
Run 6 l  — D a te  7 / 7 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  303*R 
S a t u r a t i o n  P r e s s u r e  314 P . S . I . A .
Q/A (1 0 ) ,  A?1 ATg AT3 h
t . u . / h r . f t . 2 *p °P ®F B . t . u . / h r .  f t . 2
1 . 6 1 0 1 8 .5 1 8 . 5 1 8 . 5 870
2 .6 0 4 2 1 . 5 2 2 .0 2 2 . 0 1185
5 . 5 6 7 3 1 . 0 3 1 .3 3 1 . 3 1779
Run 62 ■— D a te  7 / 6 / 6 4
S a t u r a t i o n  T e m p e r a tu r e  339  R
S a t u r a t i o n  P r e s s u r e 6 l 4  P . S . I . A .
Q/A (1 0 ) - 4 ATi ATp ATo h
t . u . / h r . f t . 2 °p °P °F B . t . u . / h r .  f t . 2
1 .5 1 2 1 6 . 5 1 8 . 5 , 1 8 . 5 817
2 . 3 9 1 2 2 . 7 2 3 . 3 2 5 . 0 1026
2 .4 0 5 2 2 . 7 2 3 . 3 2 5 . 0 1032
2 . 8 0 9 2 5 . 0 2 6 . 5 2 7 . 5 1060
“P
°P
Run 63 —  D a te  7 / 7 / 6 4  
S a t u r a t i o n  T e m p e ra tu r e  310°R  
S a t u r a t i o n  P r e s s u r e  364  P . S . I . A .
Q/A ( 1 0 ) " ^
B . t . u . / h r .  f t . 2 ®P °P  °F  B . t . u . / h r .  f t . ^  °p
1 .5 7 6  2 1 .0  2 1 . 7  2 1 .7  72 6
1 .9 5 6  2 3 .0  2 2 . 5  2 2 . 5  8 69
2 .4 5 2  2 6 . 0  2 4 .7  2 4 . 7  993
3 .2 4 7  3 0 .0  3 0 . 8  3 0 . 8  1054
3 . 9 3 8  3 3 . 7  3 4 . 3  3 4 . 3  1148
4 . 6 6 0  4 0 .0  4 0 .5  4 0 .5  1151
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TABLE A-X continued
Run 64 —  D a te  7 / 1 7 / 6 4  
S a t u r a t i o n  T e m p e ra tu r e  3 4 2 . 5®R 
S a t u r a t i o n  P r e s s u r e  664 P . S . I . A .
Q/A ( 1 0 ) “ ATi ATg ATo h
t . u . / h r .  f t . 2 °P °P °P B . t . u . / h r .  f t
1 .5 9 4 3 3 .2 3 6 .0 3 6 .0 443
2 .1 5 1 3 1 .0 3 3 .3 3 3 .3 646
2 .1 5 1 2 8 . 0 3 1 .7 3 1 .7 678
2 .1 5 1  B u m o u t  p o i n t  a f t e r  a b o u t  30 m in u te s
102 
TABLE A-XI
FILM BOILING CH4  DATA ON FOULED GOLD SURFACE
Run 65 —  D a te  7 / 1 3 / 6 4  
S a t u r a t i o n  T e m p e r a tu r e  3 3 4 ° R 
S a t u r a t i o n  P r e s s u r e  564 P . S . I . A .
y  , - 4  
Q/A (10 ) ATi ATp ATo h
B . t . u . / h r .  f t . 2 °F • °F °P B . t . u . / h r .  f t
6 . 8 8 3 682 681 689 1 0 0 . 6
6 . 0 7 3 611 611 611 9 9 . 4
5 . 3 9 8 505 504 507 1 0 6 . 8






A. S am ple  C a l c u l a t i o n s  f o r  t h e  F i r s t  D a ta  P o i n t  o f  Run 1 
D a t a :  E = 2 . 5  v o l t s
I  = 1 0 .0  a m p e re s  
AT .  3 . 9 ° F
A = 4 . 0 4 7 2 ( 1 0 ) " ^  f t ^
1 .  C a l c u l a t i o n  o f  t h e  h e a t  f l u x
Q/A = ( 3 .4 1 3 E I ) /A  *= 0 . 2 1 1 ( 1 0 ) ^  B . t . u . / h r .  f t . ^
2 .  C a l c u l a t i o n  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  
h  = Q/(A a t ) = 541  B . t . u . / h r .  f t . ^
B. Sam ple  C a l c u l a t i o n s  f o r  t h e  C r i t i c a l  T e m p e r a tu r e  D i f f e r ­
e n c e  o f  Run 1
D a t a :  AT, *  11.6® P f ro m  e x t r a p o l a t i o n  o f  c u rv e  shown i n
F i g u r e  5
ATy^ = 5 4 .5 ° P  f ro m  r e f e r e n c e  19 
^'^bo a t  F j.= 0 .1  '  f ro m  F i g u r e  12
1 .  C a l c u l a t i o n  o f  e
C. S am ple  C a l c u l a t i o n s  f o r  t h e  F i r s t  D a ta  P o i n t  o f  Run 17 
D a ta  : h  = 4 1 .3  B . t . u . / h r .  f t  ®P
Tg = 139®R
AT = 364®R
l ’a v e  -  321»R
pj^ * 5 0 . 5  I b . / f t . ^  fro m  r e f e r e n c e  46
Py *= 0 .1 2  lb  . / f t  f rom  r e f e r e n c e  46
a = 6 9 . 9 ( 1 0 ) " ^  # / f t .  f ro m  A ppend ix  P
= 9 . 2 ( 1 0 ) “^ B . t . u . / h r .  °P  f t .  f ro m  A ppend ix  P
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Uv « 2 .8 4 ( 1 0 )  l b . / f t .  s e c .  f ro m  A ppend ix  P 
L « 8 5 . 5  B . t . u . / l b .  f ro m  r e f e r e n c e s ^ 3 8  a n d  46 
Cp^ = 0 . 2 5  B . t . u . / l b .  ®F f ro m  r e f e r e n c e  38
1 . C a l c u l a t i o n  o f
>•0 '  2 " f ( g c  o ) / g ( P L  -  -  2 . 3 3 ( 1 0 ) * ^  f t .
2 .  C a l c u l a t i o n  o f  P
P -  CK^  Py(PL -  P^)gL (l + t0.3'tCp^ AT]/L)®]^'^'*. 12.6
3 . C a l c u l a t i o n  o f  (h  X g )/P  
(h  X c ) /P  = 1 .2 8
APPENDIX C
DISCUSSION OF THE EFFECT OF END LOSSES FROM 
THE HEAT TRANSFER ELEMENT
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The m a g n i tu d e  o f  t h e  a x i a l  t e m p e r a t u r e  g r a d i e n t  f o r  
a  h e a t  t r a n s f e r  e l e m e n t  s i m i l a r  t o  t h e  one u s e d  i n  t h i s  i n ­
v e s t i g a t i o n  was m e a su re d  i n  t h e  p r e l i m i n a r y  w o rk .  The v a l u e s  
o f  t h e  t e m p e r a t u r e  d i f f e r e n c e  a t  g i v e n  h e a t  f l u x e s  a r e  g i v e n  
i n  T a b le  C -1 .
I f  t h e  e q u a t i o n  q = -  KA É 2  i s  a ssu m e d  t o  h o ld  i n  t h e
dx
fo rm  q  = -  KA ^  ,  t h e  h e a t  l o s s e s  f ro m  t h e  e l e m e n t  c a n  b e
q u i c k l y  c a l c u l a t e d .  The m a g n i tu d e  o f  t h e  h e a t  l o s s e s  a n d  t h e  
p e r c e n t a g e  o f  i n p u t  h e a t  w h ic h  i s  l o s t  i s  g i v e n  i n  T a b le  C - I I .  
A t h e r m a l  c o n d u c t i v i t y  o f  225  B . t . u . / h r .  f t w a s  a s su m e d .
The m a g n i tu d e  o f  t h e  en d  l o s s e s  w h ic h  o c c u r r e d  f ro m  
t h e  h e a t  t r a n s f e r  e l e m e n t  w e re  o f  p r i m a r y  c o n c e r n  i n  t h e  d e ­
s i g n  o f  t h e  h e a t  t r a n s f e r  e l e m e n t .  S i n c e  B a n c h e r o ,  B a k e r ,  
and  B o l l  ( l )  r e p o r t  t h a t  a x i a l  t e m p e r a t u r e  g r a d i e n t s  w ere  
" v i r t u a l l y  e l i m i n a t e d "  i n  t h e i r  h e a t  t r a n s f e r  e l e m e n t  b y  
u s i n g  a  c o p p e r  c y l i n d e r  2 i n c h e s  i n  l e n g t h  a n d  0 . 7 5  i n c h e s  i n  
d i a m e t e r ,  t h e  d im e n s io n s  o f  t h e  e l e m e n t  u s e d  i n  t h i s  i n v e s ­
t i g a t i o n  w ere  k e p t  a s  c l o s e  t o  t h o s e  o f  B a n c h e ro  a s  p o s s i b l e  
w i t h o u t  i n t r o d u c i n g  e x t r e m e  f a b r i c a t i o n  p r o b le m s .  The f i n a l  
d i m e n s io n s  c h o s e n  f o r  t h e  h e a t  t r a n s f e r  e l e m e n t  a r e  2 .3 1 2 5  
i n c h e s  i n  l e n g t h  a n d  0 .8 0 2 2  i n c h e s  i n  d i a m e t e r .  The d i a m e t e r  
t o  l e n g t h  r a t i o  o f  t h e  e l e m e n t  i s  0 .3 ^ 7  com p ared  t o  a  v a l u e  
o f  0 .3 7 5  f o r  B a n c h e r o ' s  e l e m e n t .  T h e r e f o r e  t e m p e r a t u r e  g r a d ­
i e n t s  a t  l e a s t  a s  s m a l l  a s  B a n c h e r o ' s  c a n  b e  e x p e c t e d .
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T a b le  C - I
K (' Temp. _ Temp. 1 /4
Q/A (1 0 )  ^  c e n t e r  " i n c h  f ro m  end  V r e g i o n
B . t . u . / h r .  f t . ^  °F
0 . 2 7 8  0 . 0  n u c l e a t e
0 .4 4 2  0 . 3  n u c l e a t e
3 . 9 6  1 . 0  b u m o u t
0 .4 4  0 . 6  f i l m
1 . 3 0  2 . 0  f i l m
2 . 8 5  2 . 0  f i l m
T a b le C - I I
- 4
Q/A (1 0 )  
B . t . u . / h r .  f t
H ea t I n p u t  
B . t . u . / h r .
H e a t  L o ss  
B . t . u . / h r .
P e r  c e n t  H e a t ’ 
L o ss  Rounded t o  
H ig h  P e r  c e n t
0 . 2 7 8 1 1 2 . 5 0 0
0 .4 4 2 1 7 9 . 6 3 . 8 2
3 . 9 6 1 6 0 2 . 6 1 2 .6 1
0 .4 4 1 7 8 . 1 7 . 5 5
1 . 3 0 5 2 6 . 0 2 5 . 3 5




The th e r m o c o u p le s  u s e d  i n  t h i s  i n v e s t i g a t i o n  w ere  
c a l i b r a t e d  w i t h  a  p l a t i n u m  r e s i s t a n c e  t h e r m o m e te r .  The r e ­
s i s t a n c e  o f  t h e  th e rm o m e te r  was d e t e r m i n e d  b y  u s i n g  t h e  
p o t e n t i o m e t e r  m ethod  d e s c r i b e d  by  S c o t t  ( 5 1 ) .  T e m p e ra tu r e  
d i f f e r e n c e s  w ere  m e a su re d  b y  p l a c i n g  t h e  r e f e r e n c e  j u n c t i o n  
i n  l i q u i d  n i t r o g e n  and  t h e  h e a t  t r a n s f e r  e l e m e n t  i n  room a i r ,  
a  d r y  i c e  a c e t o n e  b a t h ,  a n d  l i q u i d  n i t r o g e n .  The v a l u e s  o b ­
t a i n e d  w i t h  t h e  r e s i s t a n c e  th e rm o m e te r  a l l o w e d  t h e  t h e r m o ­
c o u p l e s  d e v i a t i o n  f ro m  s t a n d a r d  t a b l e s  (N .B .S .  C i r c u l a r  5 6 l )  
t o  b e  c a l c u l a t e d .  The m i l l i v o l t  d e v i a t i o n  o b t a i n e d  f o r  t h e  
t h e r m o c o u p le s  i s  g i v e n  i n  T a b le  D -1 .
TABLE D -I
D e v i a t i o n  o f  T h e rm o c o u p le s  f ro m  S t a n d a r d  T a b le s  
T e m p e r a tu r e  °C D e v i a t i o n  M i l l i v o l t s
- 1 9 6 . 1 8  ^ 0 . 0 0 0
-  7 9 . 4 0  0 .0 2 2
-  2 5 .1 7  0 .0 3 4
APPENDIX E 
CALIBRATION CURVE FOR PRESSURE GAUGE
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TABLE E - I
CALIBRATION OF HEISE H15379 PRESSURE GAUGE
Gaiige g r a d u a t e d  i n  one pound  p e r  s q u a r e  i n c h  i n c r e m e n t s  o f  
f ro m  0 t o  1000 p o u n d s  p e r  s q u a r e  i n c h  g a u g e .  Gauge c a l i b r a t e d  
w i t h  a n  A s h c r o f t  Gauge t e s t e r ,  t y p e  13OO.
T e s t  P r e s s u r e  P . S . I . G .  Gauge R e a d in g  P . S . I . G .
10 10
20 20
4 0  40
6 0  60
85  85
105 105
1 2 4 .5  125
1 4 4 .5  145
1 6 4 . 5  165
1 8 4 .5  185
2 0 4 .5  205
225  225
250  2 5 0
2 7 4 . 5  275
^ h 4 .5  305
3 2 4 . 5  325
3 4 9 . 5  350
3 7 4 . 5  375
405 405
4 2 4 .5  425
4 4 9 . 5  450
4 7 4 . 5  475
4 9 9 . 5  500
APPENDIX P
CALCULATED PHYSICAL PROPERTIES
TABLE I-P  Ng SURFACE TENSION 
TABLE II -F  CH^  SURFACE TENSION 
TABLE I I I -F  Ng THERMAL CONDUCTIVITY 
TABLE IV-F CH4  THERMAL CONDUCTIVITY 
TABLE V-F Ng VISCOSITY 
TABLE VI-F CHj^  VISCOSITY
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The m e th o d s  w h ic h  w e re  u s e d  t o  c a l c u l a t e  s u r f a c e  t e n ­
s i o n ,  v a p o r  v i s c o s i t y ,  a n d  v a p o r  t h e r m a l  c o n d u c t i v i t y  f o r  
m e th an e  an d  n i t r o g e n  a r e  d i s c u s s e d  b e lo w .  The c a l c u l a t e d  
v a l u e s  f o r  t h e  p h y s i c a l  p r o p e r t i e s  a r e  g i v e n  i n  T a b l e s  I - F  
t h r o u g h  V -P .
S u r f a c e  t e n s i o n  d a t a  f o r  m e th an e  an d  n i t r o g e n  w ere  
c a l c u l a t e d  b y  e x t r a p o l a t i o n  o f  lew  p r e s s u r e  d a t a  ( 2 9 ) .  The 
McLeod e q u a t i o n  was u s e d  f o r  t h e  e x t r a p o l a t i o n  a s  s u g g e s t e d  
b y  P r u t t o n  and  M aron ( 4 7 ) .
The t h e r m a l  c o n d u c t i v i t y  v a l u e s  f o r  m e th an e  and  
n i t r o g e n  w ere  c a l c u l a t e d  u s i n g  t h e  m ethod  s u g g e s t e d  b y  Owens 
an d  T hodos ( 4 4 , 4 5 ) .
The v i s c o s i t y  d a t a  f o r  m e th an e  a n d  n i t r o g e n  w ere  c a l ­
c u l a t e d  b y  e x t r a p o l a t i o n  o f  t h e  low p r e s s u r e  d a t a  o f  J o h n s t o n  
an d  M cC loskey  (30) f o r  n i t r o g e n  a n d  c a l c u l a t e d  low p r e s s u r e  
d a t a  (52) f o r  m e th a n e  u s i n g  t h e  m ethod  s u g g e s t e d  b y  J o s s i ,  
S t i e l ,  a n d  T hodos (32).
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table p - i
SURFACE TENSION FOR SATURATED LIQUID NITROGEN
Temperature *R Surface Tension (
171 33.8
180 2 7 . 4
189 2 0 . 1
198 14.5
207 8 . 5
216 3 . 7
225 0 . 3
227 0
116
TABLE P - I I
SURFACE TENSION FOR SATURATED LIQUID METHANE
T e m p e r a tu r e  °R S u r f a c e  T e n s io n  (10 )  ^ I b . / f t ,  
22 0  8 1 . 8
24 0  6 6 .0
260 52.0
280 35.0
300  2 0 .2
320  1 2 .0
340  ' 0 . 5
344  0
TABLE P-III
THERMAL CONDUCTIVITY OP NITROGEN VAPOR 
K i n  B . t . u . / h r .  f t .  ®F 
T em p er-  P r e s s u r e  P . S . I . A .
a tu i^e  1 4 .5  64 l l 4  l 4 8  21 4  2 99  389  442 492 5X4 6 l 4  7 1 9  8 l 4
136  .0 0 4 2  —
159  .0 0 5 0  —
182  .0 0 5 5  .0 0 6 1  .0 0 6 5  .00 7 1
20 4  .0 0 6 2  .00 6 7  .0 0 7 1  .0 0 7 6  .0 0 8 0  .0 1 0 0
227  . 0 0 6 7  . 0 0 7 4  .0 0 7 6  .0 0 8 0  .0 0 8 4  .0 0 9 2  .0 1 1 3  . 0 1 3 0  .0 1 4 7  .0 1 4 7  .0 3 1 5  .0 3 4 6  .0 3 5 7
272  . 0 0 7 1  .0 0 8 4  .0 0 8 8  .0 0 9 0  . 0 0 9 4  . 0 0 9 9  .0 1 0 5  .0 1 1 3  .0 1 1 6  . 0 1 1 6  . 0 1 3 0  .0 1 4 3  .O I55
340  . 0 0 9 9  . 0 1 0 3  .0 1 0 5  .0 1 0 5  . 0 1 1 3  . 0 1 1 3  . 0 1 1 6  . 0 1 2 0  .0 1 2 2  . 0 1 2 2  . 0 1 2 8  .0 1 3 4  . 0 1 3 9
386  . 0 1 0 9  . 1 0 9 ^ .0 1 6 6  .0 1 1 6  . 0 1 2 0  . 0 1 2 0  .0 1 2 6  . 0 1 2 6  . 0 1 3 0  . 0 1 3 0  . 0 1 3 4  . 0 1 3 9  . 0 1 4 3
454  . 0 1 2 6  ,0 1 2 6  .0 1 3 2  .0 1 3 2  .0 1 3 4  . 0 1 3 4  .0 1 3 9  . 0 1 3 9  .0 1 4 1  .0 1 4 1  . 0 1 5 1  . 0 1 5 1  . 0 1 5 1
. 5 6 8  . 0 1 5 1  . 0 1 5 1  . 0 1 5 5  .0 1 5 5  .0 1 5 5  . 0 1 5 5  . 0 1 6 0  . 0 1 6 0  .0 1 6 4  .0 1 6 4  . 0 1 6 8  . 0 1 6 8  . 0 1 6 8
6 81  , 0 1 7 6  .0 1 7 6  . 0 1 7 6  .0 1 7 6  .0 1 7 6  .0 1 7 6  . 0 1 7 6  .0 1 7 6  .0 1 8 1  . 0 1 8 1  . 0 1 8 5  . 0 1 8 5  .0 1 8 5
908  . 0 2 1 8  . 0 2 1 8  . 0 2 1 8  . 0 2 1 8  . 0 2 1 8  . 0 2 1 8  . 0 2 1 8  . 0 2 1 8  . 0 2 5 5  . 0 2 2 5  . 0 2 3 1  .0 2 3 1  . 0 2 3 1
TABLE P-IV
THERMAL CONDUCTIVITY DP METHANE VAPOR 
K I n  B . t . u . / h r .  f t .  °F 
T em p er-  P r e s s u r e  P . S . I . A ,
a t u r e  R 2 4  114 214  3X4 4 l 4  5 1 4 564 664  7 14  7 64  8 l 4  864
pi :Si?i :SI?i
6X9 .0223 .0223 .0223 .0223 .0234 .0234 .0234 .0234 .0243 .0243 .0246 .0246
550 .0202 .0202 .0202 .0202 .022 .022 .022 .022 .022 .022 .0223 .0233
482 .0 1 7 6  .0 1 7 6  .0 1 8 2  .0 1 8 2  .0 1 8 6  .0 1 8 8  .0 1 8 8  .0 1 9 3  .0 1 9 3  .2 0 2  .0 2 0 2  .0 2 0 2  ^
447 .0 1 5 8  .0 1 5 8  .0 1 6 7  .0 1 6 7  .0 1 7 6  .0 1 8 2  .0 1 8 2  .1 9 0  .1 9 0  .1 9 0  .1 9 9  .1 9 9  t-
4X3 .0X46 .0X46 .0x58 .0x58 .0 x 6 7  .O I76 .O I76 . 0X82 .0X82 .0X88 .0 2 0 2  .0 2 0 2
378  .0 x 3 5  .0 x 3 8  . 0X44 . 0X49 .0 x 5 5  .0 1 6 7  .0 1 6 7  .0X82 .0X82 .0X88 . 02X4 . 02X4
344 .0X20 .0123 .0x32 .0X4X .0X49 .0X64 .0X64 .0205 .0205 .0264 .0439 .0439
327 .01X4 .01x7 .0126 . 0 1 3 5  .0X49 .0x70 . 0x70
3x0 .0x08 .oxxx .0x23 . 0x29
292 .0X02 . m o 8  .0X17
275 .097 .0X02
2 58  . 09X . XOO
24X . 0 8 5
206 .0073
TABLE P-V
VISCüSITY OF NITROGEN VAPOR .
M i n  C e n t i p o i s e s  ( l O ) ”^
P r e s s u r e  ' T e m p e r a tu r e  °R
P . S . I . A .  180  198  216  252_______270_______ 306_______ 360_______ 450________540
1 ^ .5  6 9 7 . 5  7 6 3 . 1  8 2 6 . 4  9 4 8 .4  1 0 0 8 . 3  1 1 2 5 . 3  1 2 9 5 . 4  1 5 5 4 .7  1 7 8 5 .7
o4  6 9 7 . 5  7 6 3 . 1  8 2 6 . 4  9 4 8 .4  1 0 0 8 . 3  1 1 2 5 . 3  1 2 9 5 . 4  1 5 5 4 .7  1 7 8 5 .7
114 7 4 1 . 7  8 0 1 . 2  8 6 0 . 8  9 7 6 . 7  1 0 3 4 .1  1 1 4 7 .7  1 3 1 2 . 4  1 5 6 9 .7  1 7 9 8 .5
148 8 1 5 . 9  8 7 3 . 1  9 5 6 . 5  1 0 4 2 .7  1 1 5 4 . 8  1 3 2 0 . 0  1 5 7 4 . 4  1 8 0 1 . 9
214  9 0 7 . 5  1 0 0 9 . 8  1 0 6 1 .1  1 1 6 9 . 5  1 3 3 1 . 3  1 5 8 1 .7  18OQ.O
2 99  1 0 5 1 . 6  1 0 9 4 . 3  1 1 9 7 . 8  1 3 4 9 . 4  1 5 9 4 . 0  1 8 1 7 . 6  M
389  1 1 1 3 . 0  1 1 3 1 . 1  1 2 2 8 . 5  1 3 7 1 . 6  1 6 0 7 .5  1 8 2 7 . 0  ^
442 1 1 5 4 . 8  1 1 6 0 . 6  1 2 4 5 .7  1 3 8 3 . 9  1 6 1 8 .6  1 8 2 1 .3
478  1 1 8 4 .3  1 1 8 2 .7  1 2 5 8 . 0  1 3 9 3 . 7  1 6 2 3 . 5  1 8 3 8 . 5
514  1 2 2 6 . 0  1 2 0 7 . 3  1 2 7 2 . 7  1 4 0 3 .5  1 6 3 0 . 9  1 8 4 3 .4
o l 4  1 3 2 9 . 2  1 2 3 1 . 9  1 3 1 4 .5  1 4 3 3 .0  1 6 4 9 .3  1 8 7 1 .7
7 1 ?  1 4 0 8 .8  1 3 7 5 . 9  1 4 6 9 .8  1 6 7 2 . 6  1 8 7 6 .6
o l 4  1 5 8 5 .7  1 4 3 2 . 4  1 5 0 6 .7  1 6 9 4 .7  1 9 1 5 . 9
TABLE F-VI
VISCOSITY OF METHANE VAPOR
M i n  C e n t i p o i s e s  (1 0 )
T em p er-  F r e s s u r e  P . S . I . A .
a c u re  R _ 2_U _ i i 4  214  314 4 l 4  514 564  664  7 1 4  7 64
I jp îs ii il îi 1  ;i i  i  îiI iîs.o !f a: iÿs is ;ui ;i;i jis
1.3 II I i  31i ‘i  ‘i.= |i ;|U ‘51 “« »
8 l 4 864
1815 1821
1663 1670
1513 15x8
1379 1383
1254 1260
1139 1156
